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Diffuse midline gliomas harboring the H3 K27M mutation—including the previously

named diffuse intrinsic pontine glioma (DIPG)—are lethal high-grade pediatric brain

tumors that are inoperable and without cure. Despite numerous clinical trials, the

prognosis remains poor, with a median survival of ∼1 year from diagnosis. Systemic

administration of chemotherapeutic agents is often hindered by the blood brain barrier

(BBB), and even drugs that successfully cross the barrier may suffer from unpredictable

distributions. The challenge in treating this deadly disease relies on effective delivery of

a therapeutic agent to the bulk tumor as well as infiltrating cells. Therefore, methods

that can enhance drug delivery to the brain are of great interest. Convection-enhanced

delivery (CED) is a strategy that bypasses the BBB entirely and enhances drug distribution

by applying hydraulic pressure to deliver agents directly and evenly into a target region.

This technique reliably distributes infusate homogenously through the interstitial space

of the target region and achieves high local drug concentrations in the brain. Moreover,

recent studies have also shown that continuous delivery of drug over an extended

period of time is safe, feasible, and more efficacious than standard single session CED.

Therefore, CED represents a promising technique for treating midline tumors with the

H3K27M mutation.

Keywords: diffuse intrinsic pontine glioma (DIPG), convection-enhanced delivery (CED), H3K27M mutation, blood

brain barrier (BBB), alternative delivery method

INTRODUCTION

Clinical Presentation of Diffuse Intrinsic Pontine Glioma (DIPG)
Primary pediatric brain tumors are rare entities, with an incidence of ∼2,200 cases annually (1–
3). Diffuse intrinsic pontine glioma (DIPG), which makes up ∼20% of these primary pediatric
primary brain tumors, carries among the direst prognosis (4, 5). A diffusely infiltrative lesion
situated in the brainstem of children, these tumors often present with a constellation of symptoms
including headache, nausea, cranial nerve dysfunction, cerebellar signs, and long tract sings, with
some patients demonstrating hydrocephalus (6, 7). These tumors occur primarily at a median age
of seven (8). DIPGs are one of the few central nervous system (CNS) neoplasms for which diagnosis
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can bemade with radiographic imaging alone, as the diffuse, non-
enhancing T2 signal change in the brainstem, encompassing over
half of the pons, is so highly characteristic and biopsy of the
lesion carries risk of neurologic deficit (Figure 1) (6). However,
recent reports have shown that biopsies of these tumors are safe,
and molecular analysis from this tissue has greatly increased our
understanding of the unique tumor biology (9, 10). Prognosis of
these tumors remains uniformly poor, with a median survival of
around 1 year from the time of diagnosis despite extensive efforts
to improve this (4, 11, 12). Patients eventually develop worsening
neurologic deficits, brainstem dysfunction, and hydrocephalus,
before ultimately succumbing to their disease.

Current Therapies
The anatomic location of the tumor severely limits any
opportunity for meaningful surgical resection, and treatment
usually consists of standard fractionated radiation to a dose of
54-59Gy (over 30 fractions) (6). Multiple regimens involving
monotherapy and combination chemotherapy have been trialed,
with uniformly poor results (1, 4, 13). More recently, advances
have been made in the field of chimeric-antigen receptor (CAR)
T cells as a targeted therapy targeting anti-GD2 for DIPG;
however, these studies remain in early stages (14). With these
limited treatment options, there remains a critical need to
develop novel therapeutics and effective delivery mechanisms
for DIPG.

H3K27M Mutation
Several key mutations appear to define these tumors. The
substitution of a lysine for methionine at position 27 in
histone H3 (specifically in either histone 3.3 or 3.1 genes)
resulting in a H3K27M mutation, is the most commonly
found mutation, and is associated with a worse prognosis than
wild-type tumors (15–17). In the largest study of classically
defined DIPG tumors that have been biopsied in the molecular
era (91 patients), researchers in France found all but one
tumor had either a somatic mutation in H3K27M and/or
loss of H3K27 trimethylation, highlighting the importance of
histone H3 in the pathology of this disease (10). This has
implications for chromatin remodeling on a wide scale, with
epigenetic silencing and activation of various elements of
the genome broadly impacted, as the lysine 27 residue is a
critical site for epigenetic regulation (18, 19). This mutation
is sufficiently characteristic of these tumors that the World
Health Organization recently redefined these tumors as “diffuse
midline glioma, H3K27M mutant” in the latest criteria (6,
20). For simplicity and historical reasons we will continue to
use the term DIPG tumors throughout this review. Crucially,
this single histone mutation and subsequent epigenetic changes
presents a potentially druggable target for the treatment of
DIPG, and its prevalent expression in DIPG implies an essential
role in tumorigenesis and growth, further raising its appeal as
a therapeutic target (10, 16). Drugs that modify the histone
epigenome have recently been identified as promising targeted

Abbreviations: DIPG, Diffuse intrinsic pontine glioma; CED, Convection-

enhanced delivery; BBB, blood brain barrier.

therapies including the Histone Deacetylase (HDAC) inhibitor
panobinostat and the bromodomain inhibitor (JQ1) have shown
some early evidence as promising targeted therapies (21–23).
However, the anatomic location of these tumors presents a
challenge for effective delivery of medications, requiring novel
drug delivery strategies.

THE BLOOD-BRAIN BARRIER (BBB)

Drug delivery to lesions in the brain presents a number of specific
challenges; chief among them is getting drugs past the blood brain
barrier (BBB). The BBB, a unique tissue-specific modification of
the capillary endothelium and basal lamina, serves to exclude
nearly all macro molecules and most small molecules from
extravagating into the brain parenchyma (24). Highly polar or
charged particles are excluded, as aremolecules as small as 100Da
(24). This poses obvious challenges in systemic administration of
drug, requiring that molecules or mechanisms of drug delivery
be specifically engineered in order to bypass the BBB. Even in
the case of tumors with significant contrast enhancement (such
as glioblastoma), indicative of BBB disruption, effective delivery
of drug through the systemic circulation remains a challenge
(25). The BBB in cases of DIPG is frequently preserved, as
evidenced by the general lack of enhancement in these tumors
(26). Further, the BBB is variable throughout the CNS, with some
areas (such as the circumventricular organs) that have a reduced
or absent barrier (27). In contrast, there is some evidence that
the brainstem may be home to an even more robust BBB, further
restricting the range of drugs that may be effectively delivered to
the region. Using dynamic contrast-enhanced MRI, Subashi et al.
demonstrated reduced BBB permeability in brainstem gliomas
relative to identical tumors implanted supratentorially in amouse
model (28). There is also some evidence, particularly in mice,
that the brainstem has a lower density of capillaries than cortical
regions or basal ganglia, which would also imply increased
difficulty in delivering effective therapeutic payloads through the
circulation (29, 30).

ALTERNATIVE DELIVERY METHODS

Given the challenges presented by the BBB, significant effort has
been put into finding means to bypass or disrupt the BBB in a
controlled fashion for enhanced delivery of therapeutics. Direct
intracranial delivery provides an attractive means to circumvent
the BBB, as surgical resection remains the mainstay of treatment
of many brain tumors and presents an opportunity for direct
inoculation of therapeutic agents into the brain parenchyma.
Carmustine wafers have been one such technology, though their
efficacy and degree of tissue penetration are somewhat limited
(31–34). Such an approach is of limited use in tumors with
limited surgical accessibility, including DIPG. Intra-arterial (IA)
infusion of therapeutics is an area of active research, as such
a route of administration circumvents fist-pass metabolism by
the liver, broadening the scope of pharmacologic tools available
to cross the BBB. IA therapy also allows for selective infusion
of medication into end-arteries in the brain, allowing for
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FIGURE 1 | MRI imaging of an 8 year-old girl with a DIPG tumor (white arrows). T2-weighted sagittal (A) and axial (B) images demonstrate the enlargement of the

brainstem and highlight the diffuse infiltrative characteristic of DIPG tumors. (C,D) Gadolinium-enhanced T1-weighted MRI images of the same patient demonstrating

scant patchy enhancement.

administration of higher dosages of chemotherapy than can be
administered systemically (35, 36). Certain transport proteins
important for BBB function, including P-gp, are also expressed
at lower levels on the arteriolar side of the circulation (29).
Co-administration of mannitol with IA chemotherapy has been
investigated as a means of crossing the BBB (36, 37). Often
studied in conjunction with an IA delivery mechanism, focused
ultrasound has shown some promise in circumventing the BBB
(38–40). However, this technique has proven inconsistent (41).
Infusion of microbubbles coupled with focused ultrasound can
allow for focused disruption of the BBB, allowing medications
to temporarily cross (42). Alli et al. recently demonstrated
the feasibility of this technique in disrupting the BBB to
allow for increased local delivery of doxorubicin (43). Some
drugs may also be loaded into these microbubbles, creating
a packaging system the protect drugs until they reach their
destination, providing a mechanism to control their release
in a specified location (44). Intranasal delivery has also been
advanced as means of improving drug delivery to the brain,
though such a route precludes targeting toward specific brain
regions (45).

CONVECTION-ENHANCED DELIVERY

Convection-enhanced delivery (CED) is a therapeutic strategy
that addresses some of the key pitfalls in the treatment of brain
tumors. It allows for targeted treatment of a specific region via
a cannula that can be placed in difficult to access areas, and

allows for direct intraparenchymal infusion of drug, bypassing
the BBB. Fundamentally, CED is the process of continuously

infusion drug at a steady rate over a prolonged period of time,

allowing a constant pressure head to drive infusate penetration
into surrounding tissue via bulk flow and avoid reflux into the

infusing cannula, treating a spherical or elliptical region of tissue

(46). In this way a small point of access can be used to treat a
relatively large volume of tissue, an appealing characteristic for

treating tumors in privileged locations such as DIPG. Further,

infusion via CED proceeds in a highly predictable fashion, with
a sharp drop-off in drug dosage beyond the predicted volume

of the infusate, makes it ideal for treating a specific region

while avoiding treatment of uninvolved surrounding structures
(46, 47). Infusion in thismanner proceeds best alongwhitematter
tracts, which would likely be of benefit in treating DIPG (48, 49).
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Catheter Placement
In using CED to treat DIPG, effective placement of the infusing
catheter is a critical step, given the need for the catheter to be
fixed in a stable position over a prolonged period, the challenge
in placing the catheter into the brainstem without creating a
neurologic deficit, and positioning the catheter in such a way
as to allow treatment of the entire tumor with infusate. Long-
term catheter placement of CED in the brainstem of rodents
and primates has been successfully carried out by a number
of groups (Figure 2), reviewed extensively by Goodwin et al
(49, 50). Large human trials involving CED for supratentorial
high grade glial tumors have demonstrated an ability to place
catheters for treatment in humans safely, though the most
notable example, the PRECISE trial, did not monitor distribution
of drug over the course of therapy (51). Further, in the PRECISE
trial, catheter placement was scored based on depth from brain
surface, distance from pial surfaces, and distance from resection
cavity/ependymal surface, and only 51% of catheters had
adequate placement (52). However, these criteria to determine
adequate placement have not been prospectively validated (53).
More recently, CED catheters have now been placed into the
brainstem in humans and, recent studies have shown this
technique to be safe (54–57). Much of the foundational work
in this area has been conducted in Bristol, UK. Baura and

colleagues used robotic assistance to place a catheter for CED
carboplatin treatment in a large pontine tumor in a 5 year-old
patient and were able to achieve infusate to 95% of the tumor
(57). This group has also worked to develop bone-anchored ports
and multiple-catheter systems (up to four catheters), allowing
for chronic intermittent CED to a highly-tailored area (58, 59).
Improved stereotactic placement of catheters and increasing use
of stereotactic biopsy in obtaining tissue for diagnosis and study
in DIPG placement has also increased facility and demonstrated
the safety of these techniques, which require similar expertise and
carry similar attendant risks as CED treatment to the brainstem
(60, 61). To validate the real-world application of CED to the
pons, Souweidane and colleagues report their results of the first
Phase I trial in DIPG tumor patients. CED of the radionuclide
[124I]-8H9 for treatment of DIPG in 28 patients was well-
tolerated without any dose-limiting toxicities observed in the
study, with one patient experiencing transient hemiparesis (trial
NCT01502917) (54).

Variables in CED
CED is a robust and tunable platform allowing for infusion
of a range of agents of varying sizes over a range of tissue
volumes. Such malleability requires optimization for a given
therapeutic agent in order to achieve optimal delivery, however.

FIGURE 2 | Cannula-guided convection enhanced delivery in the rat pons (Daniels Laboratory—Mayo Clinic). (A) Infusion pump is attached to the cannula installed on

rat brain where the infusate was delivered at a constant rate over time. (B) Photograph of ink solution injected at 8mm of depth with a Hamilton syringe through the

cannula validating Vd. (C) Coronal section of athymic nude rat brainstem with DIPG patient derived xenograft showing representative images of low magnification

scan of H&E and high magnification scan of H3K27M and H3K27me3 immunohistochemical (IHC) staining.
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The volume of tissue treated depends on the volume and rate of
infusion, with most CED studies utilizing rates between 0.5 and
6 µL/min (56). These characteristics are essential for ensuring
an adequate volume of distribution (Vd) and avoiding reflux
into the infusing catheter. The tissue being treated dictates
these parameters to a large degree—tumors frequently have high
interstitial pressures that need to be overcome in order to achieve
adequate infusate delivery, and this resistance can drive infusate
away from the desired region (53). Tumors also lack normal
vasculature, further exacerbating this outward-directed pressure
gradient that can drive the dispersion of drug delivered to the
tumor bed (53, 62). The size and shape of the infusing catheter
is critical for optimizing both the degree of tissue penetration
and avoiding backflow.While many studies have been conducted
with traditional end port cannulas, improved infusion profiles
have been observed with porous tipped catheters and those
with a step-off design, reviewed in detail by Lewis et al. (63).
Lewis et al. have also recently described a recessed step catheter
that allows for “controlled reflux” of infusate, and may allow
for even more tailored delivery of therapeutics moving forward
(64). The properties of the infusate itself and its therapeutic
payload are also critical variables, and will be discussed in detail
below (64).

Advantages for Drug Delivery
In light of the myriad variables in developing an effective
CED platform, developing a CED platform for use in real-
world situations is an ongoing challenge. However, there are
key advantages to this technique that make its use appealing.
Most notably in treating patients, ensuring the safety and
reliability of these systems is critical. While select cases have
made use of CED to the brainstem, the unique properties of
every infused therapeutic makes the volume of distribution
hard to predict (53). However, in cases where CED infusion
in the pediatric brainstem resulted in neurologic changes,
cessation of the infusion halted these effects (53, 65). As
discussed above, reliable catheter placement remains an area
of ongoing growth, but the ability to administer prolonged
indwelling infusions via CED has been well-established. Treating
a large volume of tissue with a relatively small amount
of infusate is advantageous, particularly in treating DIPG,
where the volume of therapeutic that can be infused may
be limited due to tumor location. Particularly for larger
molecules, CED can result in a Vd many times what would
be predicted by diffusion alone (47, 53). CED allows for
a homogenous distribution of infusate as well, ensuring the
targeted area receives therapeutic levels of the administered
drug (63).

PROPERTIES OF INFUSATE

The CED cannula itself, the volume of infusate (Vi), and the
rate of infusion are not the only critical factors in effective CED
administration—the drug and infusate itself must be optimized
for ideal distribution. Most critically, the drug infused but be
optimized for CED. Size is a critical factor; as smaller molecules
will distribute more readily through tissue (47). Mechanisms

of clearance include active transport by various ATP-binding
cassette (ABC) transport proteins, or CSF spaces that rapidly
clear infusate (53, 66, 67). Interstitial pressures in tumors
may also be higher than in the surrounding tissue, generating
an outward pressure gradient leading to increased clearance
of infusate (25, 68). Nano-scale particles (<100 nm) seem to
be the ideal size for achieving a large Vd /Vi ratio (67).
Hydrophobic molecules also struggle with achieving large Vd

when administered via CED, as do those that are positively
charged (67). Surface modification of drugs, such as coating
relatively hydrophobic molecules with albumin, can improve
Vd as well (67, 69). Development of liposomal or nanoparticle
formulations of drugs in order to improve CED pharmacokinetic
profiles is an active area of development, and some current
clinical trials are underway utilizing such formulations (70).
Such formulations allow for controlled release of therapeutic
over time, prevent premature degradation of drug, and allow for
hydrophobic medications to traverse the extracellular space (70).
Coupling drugs that are inherently nonspecific for tumor cells,
such as toxins, chemotherapeutics, or radionuclide, to tumor-
specific antibodies is another promising strategy, adding a degree
of tumor specificity (71). Lastly, the viscosity of the infusate itself
can be adjusted for improved CED. In some cases, increasing the
viscosity of the carrier fluid can improve the Vd of drug, and can
readily be achieved by the addition of sucrose or polyethylene
glycol (PEG) (67, 72, 73). This is likely due to more efficiently
convective forces in higher viscosity fluids, as low viscosity fluids
may be more likely taken up by surrounding cells or reflux into
the catheter (46, 73).

VISUALIZATION OF CED

The ability to accurately track the distribution of drug
administered via CED is an essential challenge in advancing
the methodology to clinical applications. Some therapeutics,
particularly radionuclides, maybe tracked by positron-emission
tomography/CT (PET/CT) in order to evaluate the volume
of tissue treated by the therapeutic being administered (71).
However, most small molecule or nanocarrier-packaged
therapeutics administered by CED lack such an intrinsic
ability to be tracked on imaging. Older studies made use of
infusion-associated T2 signal changes on MRI to evaluated
the area of tissue treated (57). As reviewed in detail recently
by Lonser, many current studies co-administer a gadolinium
agent such as Gd-DTPA in the infusate with the therapeutic,
allowing for visualization of the area treated by CED via
MRI (74). Similarly, iodine-based contrast agents such as
iopamidol and iopanoic acid can be used for CT-based imaging
of CED (74). However, as has been discussed, substances
of differing sizes, charge, and hydrophobicity can have very
different Vd when administered with a given Vi, and so the
use of co-administered gadolinium may not accurately reflect
the distribution of the therapeutic agent. Efforts have been
made to administer surrogate agents of similar size to the
therapeutic agents being administered—Szerlip and colleauges
co-infused viral particles and the iron-based contrast agent
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ferumoxtran-10, both ∼24 nm in size, for imaging via MRI (75).
However, such an approach still makes use of a surrogate marker
for visualization.

CURRENT ANIMAL MODELS FOR CED

A number of well-established models have been developed for
studying CED. Rodent models in mice and rats (Figure 2)
have been utilized for some time, as have models in larger
organisms including pigs and primates (67, 76–79). A schematic
model of CED in the mouse pons is diagrammed in Figure 3.
Studying the dynamics of CED in these larger systems is
critical in order to study distribution volumes at a scale
relevant to human therapy. This is not only a function of
size, but as discussed previously, CED bulk flow dynamics
behave differently in different brain regions, particularly gray
vs. white matter (46). Mice and rat brains have particularly
limited amounts of white matter, limiting the generalizability
of CED data derived from these models (67). A number of
brainstem-specific models of CED have also been developed (49).
Occhiogrosso et al. demonstrated that long term (24 h infusion)

CED to the rodent brainstem was feasible (77). Sewing and
colleagues demonstrated the ability to deliver carmustine via
CED in the mouse brainstem (78). Zhou and colleagues have
demonstrated the ability to infuse therapeutic agents, including
kinase inhibitors, to the mouse brainstem with a favorable
toxicity profile (80). Developing effective animal models of DIPG
has also been an area of active development. Tumor models to
study CED in animal models have also been developed, with
much work done in the rat glioma models, including the F98
and 9L glioma lines (81, 82). However, more recent efforts
have focused on developing brainstem-specific models to better
study DIPG. Inoculating tumors in an anatomic position in
these models is a challenge given the size and fragility of the
brainstem, particularly in a small animal model, however several
groups have successfully done so (49, 78). More recently, a
genetically engineered mouse model of brainstem glioma has
been developed driven by the H3K27Mmutation, overexpression
of platelet-derived growth factor (PDGF), and loss of p53 (83).
Such a model, with in situ formation of tumors in the brainstem,
may provide a critical tool for evaluating CED of therapeutics in
a physiologically-relevant setting.

FIGURE 3 | Schematic diagram of cannula-guided convection-enhanced delivery in rat. Cannula and tumor cell implantation coordinates in relation with lambdoid

(1mm lateral) and sagittal (1mm posterior) sutures. The guide cannula is implanted into the animal post tumor cell implantation at 6mm below the pedestal. A dummy

cannula is inserted into the guide to protect the brain when there is no infusion (resting). During drug delivery, the dummy cannula is replaced with an internal cannula

that projects 8mm into the brain and the input end is connected with a microinjection syringe infusion pump that deliver infusate at a fixed rate.
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CURRENT CLINICAL TRIALS FOR DIPG
USING CED
124I-8H9
Recent clinical trials in CED for brain tumors have been reviewed
extensively by Zhou and colleges and Healey, therefore, a select
few trials will be discussed here (46, 53). NCT01502917 is
an ongoing phase I dose escalation study, open since 2011,
evaluating CED delivery of 124I-8H9, a radionuclide-antibody
complex directed against B7-H3, a surface marker expressed
on the majority of DIPG tumors (46). This study applies a
number of the key principles reviewed thus far, using CED
of large molecules (antibodies in this case) to achieve a large
volume of distribution, reporting a Vd /Vi ratio of 2.5 to 3.0.
Dosimetry is effectively monitored with MRI imaging and Vd

confirmed with the use of a radionuclide (46, 71). Thus far,
the authors report no dose-limiting toxicities in 20 patients
treated (46).

Panobinostat
Panobinostat is a general histone deacetylase (HDAC) inhibitor
that has shown good in vitro efficacy against DIPG tumors
harboring the H3K27M mutation and, interestingly, those
tumors without the mutations (22, 64). Orally-administered
panobinostat for treatment of DIPG has been attempted,
but the drug has known limitations in penetrating the
BBB (64, 83, 84). A nanoparticle formulation of the drug,
MTX110, as demonstrated a favorable toxicity profile
when administered to the brainstem via CED in a rodent
model (85). A human Phase I trial for CED of MTX110
opened in humans in May 2018 and is currently enrolling
patients with newly diagnosed DIPG with or without biopsy
(NCT03566199).

Liposomal Irinotecan
Traditional chemotherapeutic agents are also being trialed
for CED delivery to DIPG. Bruce and colleagues reported
2 cases of topotecan delivery via CED to the brainstem in
two patients with DIPG (86). Patients underwent stereotactic
biopsy of and placement of bilateral CED catheters, with one
patient receiving drug treatment prior to radiation therapy
and the other patient following completion of radiation. In
both cases a modest reduction in tumor size was observed
on MRI, and patients experienced worsening neurologic
symptoms with high rates of infusion that improved with
steroid used and cessation of infusion (86). In one case, infusion
was resumed a lower rate following neurologic recovery and
the patient tolerated this well (86). However, this study did
not have an effective means to monitor the distribution of
drug. Currently, a trial is enrolling using nanoliposomal
irinotecan with gadolinium infusion for distribution monitoring
(NCT03086616). This formulation allows for sustained
release of drug over time and has shown some efficacy
in rodent models when administered either via CED or
intranasal (70).

Multicatheter CED Injections
In an effort to achieve a more maximal and uniform Vd

across heterogeneous tumors, Steven Gill et al. have developed
a multiple CED catheter system placed with robotic assistance
that connect to a single implanted manifold that can be
infused intermittently (57). This system has the advantage of
improved Vd due to multicatheter placement and the ability to
chronically administer drugs of choice, however, the placement
of 4 catheters in the brainstem increases the chances for
neurological symptoms. They have published several preclinical
studies in both small and large animal models, and are now
utilizing this system in human patients (57–59). A four-port
catheter system was used to treat a patient with recurrent
glioblastoma with intermittent carboplatin infusions, with a
subsequent reduction of tumor volume (59). The patient in this
study ultimately succumbed to her disease 8 months following
catheter implantation, but this case illustrates the feasibility of
this approach in delivering a therapeutic payload.

Future Directions
Future advancements in CED will come from multiple angles
which include further refinements in hardware that have
been discussed and an increase in our understanding of
optimal drug characteristics for CED delivery which may
include the development of CED specific chemotherapies. Robot
assisted catheter placement for neurosurgical applications has
already become common place for epilepsy procedures, and
Renishaw has a robot system already on the market capable
of delivering multi-brainstem CED catheters safely (87, 88).
Probablymore important than hardware technology is increasing
our understanding of CED pharmacology. Most drugs that have
been utilized for CED delivery have been selected based on
anti-tumor efficacy in cell culture or animal models, without
an understanding of CED pharmacology or convective kinetics.
Studies that define optimal drug size, lipophilicity, status for
brain efflux pumps and other important variables are required.
In light of the myriad variables in delivering effective CED,
developing a CED platform for use in real-world situations is an
ongoing challenge and requires further studies. Next generation
CED delivery for DIPG tumors will not only optimize the
hardware for delivery, but the drugs being used.

CONCLUSION

DIPG remains a devastating disease for which there is no effective
treatment. This is due to the nature of the tumor itself and the
anatomic location in which it occurs. There is now some promise
in the development of targeted therapy, as the majority of these
tumors harbor the H3K27M mutation; however, drug delivery
remains a large hurdle. CED is an attractive means of delivering
therapeutics to DIPG tumors, as it bypasses the BBB and allows
for the treatment of a relatively large volume of tissue with small
amount of infusate. This presents its own challenges as drug
must be specifically formulated for optimal use via CED. There
are several ongoing clinical trials investigating CED in DIPG
treatment in humans andwill hopefully offer hope to patients and
families with this devastating disease.

Frontiers in Oncology | www.frontiersin.org 7 February 2019 | Volume 9 | Article 31

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Himes et al. Convection-Enhanced Delivery for DIPG

AUTHOR CONTRIBUTIONS

DD provided direction. BH wrote the manuscript.
LZ provided the figures. DD made revisions to the
manuscript. All authors read and approved the final
manuscript.

FUNDING

This work was supported by MIT/Mayo Physical Sciences Center
for Drug Distribution and Efficacy in Brain Tumors (U54
CA210180) and a K08 award from NINDS to DD (K08
NS092891).

REFERENCES

1. Frazier JL, Lee J, Thomale UW, Noggle JC, Cohen KJ, Jallo GI. Treatment of

diffuse intrinsic brainstem gliomas: failed approaches and future strategies. J

Neurosurg Pediatr. (2009) 3:259–69. doi: 10.3171/2008.11.PEDS08281

2. Stiller C. Population based survival rates for childhood cancer in Britain,

1980-91. BMJ (1994) 309:1612–6. doi: 10.1136/bmj.309.6969.1612

3. Walker DA, Punt JA, Sokal M. Clinical management of brain stem glioma.

Arch Dis Child. (1999) 80:558–64. doi: 10.1136/adc.80.6.558

4. Grimm SA, Chamberlain MC. Brainstem glioma: a review. Curr Neurol

Neurosci Rep. (2013) 13:346. doi: 10.1007/s11910-013-0346-3

5. Smith MA, Freidlin B, Ries LA, Simon R. Trends in reported incidence of

primarymalignant brain tumors in children in the United States. J Natl Cancer

Inst. (1998) 90:1269–77. doi: 10.1093/jnci/90.17.1269

6. Cohen KJ, Jabado N, Grill J. Diffuse intrinsic pontine gliomas-current

management and new biologic insights. Is there a glimmer of hope? Neuro

Oncol. (2017) 19:1025–34. doi: 10.1093/neuonc/nox021

7. Berger MS, Edwards MS, LaMasters D, Davis RL, Wilson CB. Pediatric

brain stem tumors: radiographic, pathological, and clinical correlations.

Neurosurgery (1983) 12:298–302. doi: 10.1097/00006123-198303000-

00008

8. Fisher PG, Breiter SN, Carson BS, Wharam MD, Williams JA,

Weingart JD, et al. A clinicopathologic reappraisal of brain stem

tumor classification. Identification of pilocystic astrocytoma and

fibrillary astrocytoma as distinct entities. Cancer (2000) 89:1569–76.

doi: 10.1002/1097-0142(20001001)89:7<1569::AID-CNCR22>3.0.CO;2-0

9. Gupta N, Goumnerova LC, Manley P, Chi SN, Neuberg D, Puligandla M, et al.

Prospective feasibility and safety assessment of surgical biopsy for patients

with newly diagnosed diffuse intrinsic pontine glioma. Neuro Oncol. (2018)

20:1547–55. doi: 10.1093/neuonc/noy070

10. Castel D, Philippe C, Calmon R, Le Dret L, Truffaux N, Boddaert N, et al.

Histone H3F3A and HIST1H3B K27M mutations define two subgroups of

diffuse intrinsic pontine gliomas with different prognosis and phenotypes.

Acta Neuropathol. (2015) 130:815–27. doi: 10.1007/s00401-015-1478-0

11. Sun T,WanW,WuZ, Zhang J, Zhang L. Clinical outcomes and natural history

of pediatric brainstem tumors: with 33 cases follow-ups.Neurosurg Rev. (2013)

36:311–9. discussion: 9–20. doi: 10.1007/s10143-012-0428-8

12. Yoshimura J, Onda K, Tanaka R, Takahashi H. Clinicopathological study of

diffuse type brainstem gliomas: analysis of 40 autopsy cases. Neurol Med Chir.

(2003) 43:375–82. discussion: 82. doi: 10.2176/nmc.43.375

13. Vanan MI, Eisenstat DD. DIPG in children - what can we learn from the past?

Front Oncol. (2015) 5:237. doi: 10.3389/fonc.2015.00237

14. Mount CW, Majzner RG, Sundaresh S, Arnold EP, Kadapakkam M,

Haile S, et al. Potent antitumor efficacy of anti-GD2 CAR T cells

in H3-K27M(+) diffuse midline gliomas. Nat Med. (2018) 24:572–9.

doi: 10.1038/s41591-018-0006-x

15. Khuong-Quang DA, Buczkowicz P, Rakopoulos P, Liu XY, Fontebasso AM,

Bouffet E, et al. K27M mutation in histone H3.3 defines clinically and

biologically distinct subgroups of pediatric diffuse intrinsic pontine gliomas.

Acta Neuropathol. (2012) 124:439–47. doi: 10.1007/s00401-012-0998-0

16. WuG, Broniscer A,McEachron TA, Lu C, Paugh BS, Becksfort J, et al. Somatic

histone H3 alterations in pediatric diffuse intrinsic pontine gliomas and non-

brainstem glioblastomas. Nat Genet. (2012) 44:251–3. doi: 10.1038/ng.1102

17. Lu VM, Alvi AM, McDonald KL, Daniels DJ. Impact of the

H3K27M mutation on survival in pediatric high-grade glioma: a

systematic review and meta-analysis. J Neurosurg Pediatr. (2018) 1:1–9.

doi: 10.3171/2018.9.PEDS18419

18. Reynolds N, Salmon-Divon M, Dvinge H, Hynes-Allen A, Balasooriya

G, Leaford D, et al. NuRD-mediated deacetylation of H3K27 facilitates

recruitment of Polycomb Repressive Complex 2 to direct gene repression.

EMBO J. (2012) 31:593–605. doi: 10.1038/emboj.2011.431

19. Meissner A, Mikkelsen TS, Gu H, Wernig M, Hanna J, Sivachenko A, et al.

Genome-scale DNA methylation maps of pluripotent and differentiated cells.

Nature (2008) 454:766–70. doi: 10.1038/nature07107

20. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D,

Cavenee WK, et al. The 2016 world health organization classification of

tumors of the central nervous system: a summary. Acta Neuropathol. (2016)

131:803–20. doi: 10.1007/s00401-016-1545-1

21. Piunti A, Hashizume R, Morgan MA, Bartom ET, Horbinski CM, Marshall

SA, et al. Therapeutic targeting of polycomb and BET bromodomain

proteins in diffuse intrinsic pontine gliomas. Nat Med. (2017) 23:493–500.

doi: 10.1038/nm.4296

22. Grasso CS, Tang Y, Truffaux N, Berlow NE, Liu L, Debily MA, et al.

Functionally defined therapeutic targets in diffuse intrinsic pontine glioma.

Nat Med. (2015) 21:555–9. doi: 10.1038/nm.3855

23. Morales La Madrid A, Hashizume R, Kieran MW. Future clinical trials

in DIPG: bringing epigenetics to the clinic. Front Oncol. (2015) 5:148.

doi: 10.3389/fonc.2015.00148

24. Pardridge WM. The blood-brain barrier: bottleneck in brain drug

development. NeuroRx (2005) 2:3–14. doi: 10.1602/neurorx.2.1.3

25. Zhou J, Atsina KB, Himes BT, Strohbehn GW, Saltzman WM.

Novel delivery strategies for glioblastoma. Cancer J. (2012) 18:89–99.

doi: 10.1097/PPO.0b013e318244d8ae

26. Bailey S, Howman A, Wheatley K, Wherton D, Boota N, Pizer B, et al.

Diffuse intrinsic pontine glioma treated with prolonged temozolomide and

radiotherapy–results of a United Kingdom phase II trial (CNS 2007 04). Eur J

Cancer (2013) 49:3856–62. doi: 10.1016/j.ejca.2013.08.006

27. Maolood N, Meister B. Protein components of the blood-brain barrier (BBB)

in the brainstem area postrema-nucleus tractus solitarius region. J Chem

Neuroanat. (2009) 37:182–95. doi: 10.1016/j.jchemneu.2008.12.007

28. Subashi E, Cordero FJ, Halvorson KG, Qi Y, Nouls JC, Becher OJ, et al.

Tumor location, but not H3.3K27M, significantly influences the blood-brain-

barrier permeability in a genetic mouse model of pediatric high-grade glioma.

J Neurooncol. (2016) 126:243–51. doi: 10.1007/s11060-015-1969-9

29. Wilhelm I, Nyul-Toth A, Suciu M, Hermenean A, Krizbai IA.

Heterogeneity of the blood-brain barrier. Tissue Barriers (2016) 4:e1143544.

doi: 10.1080/21688370.2016.1143544

30. Zhao R, Pollack GM. Regional differences in capillary density, perfusion

rate, and P-glycoprotein activity: a quantitative analysis of regional

drug exposure in the brain. Biochem Pharmacol. (2009) 78:1052–9.

doi: 10.1016/j.bcp.2009.06.001

31. Bregy A, Shah AH, Diaz MV, Pierce HE, Ames PL, Diaz D, et al. The role of

Gliadel wafers in the treatment of high-grade gliomas. Expert Rev Anticancer

Ther. (2013) 13:1453–61. doi: 10.1586/14737140.2013.840090

32. Westphal M, Ram Z, Riddle V, Hilt D, Bortey E, Executive Committee of

the Gliadel Study G. Gliadel wafer in initial surgery for malignant glioma:

long-term follow-up of a multicenter controlled trial. Acta Neurochir. (2006)

148:269–75. discussion: 75. doi: 10.1007/s00701-005-0707-z

33. FlemingAB, SaltzmanWM. Pharmacokinetics of the carmustine implant.Clin

Pharmacokinet. (2002) 41:403–19. doi: 10.2165/00003088-200241060-00002

34. Mathios D, Kim JE, Mangraviti A, Phallen J, Park C-K, Jackson CM,

et al. Anti–PD-1 antitumor immunity is enhanced by local and abrogated

by systemic chemotherapy in GBM. Sci Transl Med. (2016) 8:370ra180.

doi: 10.1126/scitranslmed.aag2942

Frontiers in Oncology | www.frontiersin.org 8 February 2019 | Volume 9 | Article 31

https://doi.org/10.3171/2008.11.PEDS08281
https://doi.org/10.1136/bmj.309.6969.1612
https://doi.org/10.1136/adc.80.6.558
https://doi.org/10.1007/s11910-013-0346-3
https://doi.org/10.1093/jnci/90.17.1269
https://doi.org/10.1093/neuonc/nox021
https://doi.org/10.1097/00006123-198303000-00008
https://doi.org/10.1002/1097-0142(20001001)89:7$<$1569::AID-CNCR22$>$3.0.CO;2-0
https://doi.org/10.1093/neuonc/noy070
https://doi.org/10.1007/s00401-015-1478-0
https://doi.org/10.1007/s10143-012-0428-8
https://doi.org/10.2176/nmc.43.375
https://doi.org/10.3389/fonc.2015.00237
https://doi.org/10.1038/s41591-018-0006-x
https://doi.org/10.1007/s00401-012-0998-0
https://doi.org/10.1038/ng.1102
https://doi.org/10.3171/2018.9.PEDS18419
https://doi.org/10.1038/emboj.2011.431
https://doi.org/10.1038/nature07107
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1038/nm.4296
https://doi.org/10.1038/nm.3855
https://doi.org/10.3389/fonc.2015.00148
https://doi.org/10.1602/neurorx.2.1.3
https://doi.org/10.1097/PPO.0b013e318244d8ae
https://doi.org/10.1016/j.ejca.2013.08.006
https://doi.org/10.1016/j.jchemneu.2008.12.007
https://doi.org/10.1007/s11060-015-1969-9
https://doi.org/10.1080/21688370.2016.1143544
https://doi.org/10.1016/j.bcp.2009.06.001
https://doi.org/10.1586/14737140.2013.840090
https://doi.org/10.1007/s00701-005-0707-z
https://doi.org/10.2165/00003088-200241060-00002
https://doi.org/10.1126/scitranslmed.aag2942
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Himes et al. Convection-Enhanced Delivery for DIPG

35. Tyler JL, Yamamoto YL, Diksic M, Theron J, Villemure JG, Worthington

C, et al. Pharmacokinetics of superselective intra-arterial and intravenous

[11C]BCNU evaluated by PET. J Nucl Med. (1986) 27:775–80.

36. Boockvar JA, Tsiouris AJ, Hofstetter CP, Kovanlikaya I, Fralin S, Kesavabhotla

K, et al. Safety and maximum tolerated dose of superselective intraarterial

cerebral infusion of bevacizumab after osmotic blood-brain barrier disruption

for recurrent malignant glioma. Clinical article. J Neurosurg. (2011) 114:624–

32. doi: 10.3171/2010.9.JNS101223

37. Doolittle ND, Miner ME, Hall WA, Siegal T, Jerome E, Osztie E, et al.

Safety and efficacy of a multicenter study using intraarterial chemotherapy

in conjunction with osmotic opening of the blood-brain barrier for the

treatment of patients with malignant brain tumors. Cancer (2000) 88:637–47.

doi: 10.1002/(SICI)1097-0142(20000201)88:33.0.CO;2-Y

38. Hynynen K, McDannold N, Vykhodtseva N, Raymond S, Weissleder R,

Jolesz FA, et al. Focal disruption of the blood-brain barrier due to 260-kHz

ultrasound bursts: a method formolecular imaging and targeted drug delivery.

J Neurosurg. (2006) 105:445–54. doi: 10.3171/jns.2006.105.3.445

39. Aryal M, Arvanitis CD, Alexander PM, McDannold N. Ultrasound-

mediated blood-brain barrier disruption for targeted drug delivery in

the central nervous system. Adv Drug Deliv Rev. (2014) 72:94–109.

doi: 10.1016/j.addr.2014.01.008

40. Arvanitis CD, Askoxylakis V, Guo Y, Datta M, Kloepper J, Ferraro GB, et al.

Mechanisms of enhanced drug delivery in brain metastases with focused

ultrasound-induced blood–tumor barrier disruption. Proc Natl Acad Sci USA.

(2018) 115:E8717–26. doi: 10.1073/pnas.1807105115

41. Vykhodtseva N, McDannold N, Hynynen K. Progress and problems in

the application of focused ultrasound for blood-brain barrier disruption.

Ultrasonics (2008) 48:279–96. doi: 10.1016/j.ultras.2008.04.004

42. Hynynen K, McDannold N, Vykhodtseva N, Jolesz FA. Noninvasive MR

imaging-guided focal opening of the blood-brain barrier in rabbits. Radiology

(2001) 220:640–6. doi: 10.1148/radiol.2202001804

43. Alli S, Figueiredo CA, Golbourn B, Sabha N, Wu MY, Bondoc A, et al.

Brainstem blood brain barrier disruption using focused ultrasound: a

demonstration of feasibility and enhanced doxorubicin delivery. J Control

Release (2018) 281:29–41. doi: 10.1016/j.jconrel.2018.05.005

44. Fan CH, Ting CY, Liu HL, Huang CY, Hsieh HY, Yen TC, et al.

Antiangiogenic-targeting drug-loaded microbubbles combined with

focused ultrasound for glioma treatment. Biomaterials (2013) 34:2142–55.

doi: 10.1016/j.biomaterials.2012.11.048

45. vanWoensel M,Wauthoz N, Rosiere R, Amighi K, Mathieu V, Lefranc F, et al.

Formulations for intranasal delivery of pharmacological agents to combat

brain disease: a new opportunity to tackle GBM? Cancers (2013) 5:1020–48.

doi: 10.3390/cancers5031020

46. Zhou Z, Singh R, Souweidane MM. Convection-enhanced delivery for diffuse

intrinsic pontine glioma treatment. Curr Neuropharmacol. (2017) 15:116–28.

doi: 10.2174/1570159X14666160614093615

47. Bobo RH, Laske DW, Akbasak A, Morrison PF, Dedrick RL, Oldfield EH.

Convection-enhanced delivery ofmacromolecules in the brain. Proc Natl Acad

Sci USA. (1994) 91:2076–80. doi: 10.1073/pnas.91.6.2076

48. Groothuis DR, Ward S, Itskovich AC, Dobrescu C, Allen CV, Dills C,

et al. Comparison of 14C-sucrose delivery to the brain by intravenous,

intraventricular, and convection-enhanced intracerebral infusion. J

Neurosurg. (1999) 90:321–31. doi: 10.3171/jns.1999.90.2.0321

49. Goodwin CR, Xu R, Iyer R, Sankey EW, Liu A, Abu-Bonsrah N, et al.

Local delivery methods of therapeutic agents in the treatment of diffuse

intrinsic brainstem gliomas. Clin Neurol Neurosurg. (2016) 142:120–7.

doi: 10.1016/j.clineuro.2016.01.007

50. Murad GJ,Walbridge S,Morrison PF, Szerlip N, Butman JA, Oldfield EH, et al.

Image-guided convection-enhanced delivery of gemcitabine to the brainstem.

J Neurosurg. (2007) 106:351–6. doi: 10.3171/jns.2007.106.2.351

51. Kunwar S, Chang S, Westphal M, Vogelbaum M, Sampson J, Barnett

G, et al. Phase III randomized trial of CED of IL13-PE38QQR vs

Gliadel wafers for recurrent glioblastoma. Neuro Oncol. (2010) 12:871–81.

doi: 10.1093/neuonc/nop054

52. Mueller S, Polley MY, Lee B, Kunwar S, Pedain C, Wembacher-Schroder

E, et al. Effect of imaging and catheter characteristics on clinical outcome

for patients in the PRECISE study. J Neurooncol. (2011) 101:267–77.

doi: 10.1007/s11060-010-0255-0

53. Healy AT, Vogelbaum MA. Convection-enhanced drug delivery for gliomas.

Surg Neurol Int. (2015) 6(Suppl. 1):S59–67. doi: 10.4103/2152-7806.151337

54. Souweidane MM, Kramer K, Pandit-Taskar N, Zhou Z, Haque S, Zanzonico

P, et al. Convection-enhanced delivery for diffuse intrinsic pontine glioma: a

single-centre, dose-escalation, phase 1 trial. Lancet Oncol. (2018) 19:1040–50.

doi: 10.1016/S1470-2045(18)30322-X

55. Lonser RR, Schiffman R, Robison RA, Butman JA, Quezado Z, Walker ML,

et al. Image-guided, direct convective delivery of glucocerebrosidase

for neuronopathic Gaucher disease. Neurology (2007) 68:254–61.

doi: 10.1212/01.wnl.0000247744.10990.e6

56. Song DK, Lonser RR. Convection-enhanced delivery for the treatment

of pediatric neurologic disorders. J Child Neurol. (2008) 23:1231–7.

doi: 10.1177/0883073808321064

57. Barua NU, Lowis SP, Woolley M, O’Sullivan S, Harrison R, Gill SS. Robot-

guided convection-enhanced delivery of carboplatin for advanced brainstem

glioma. Acta Neurochir. (2013) 155:1459–65. doi: 10.1007/s00701-013-1700-6

58. Barua NU, Woolley M, Bienemann AS, Johnson DE, Lewis O, Wyatt MJ,

et al. Intermittent convection-enhanced delivery to the brain through a novel

transcutaneous bone-anchored port. J Neurosci Methods (2013) 214:223–32.

doi: 10.1016/j.jneumeth.2013.02.007

59. Barua NU, Hopkins K,WoolleyM, O’Sullivan S, Harrison R, Edwards RJ, et al.

A novel implantable catheter systemwith transcutaneous port for intermittent

convection-enhanced delivery of carboplatin for recurrent glioblastoma.Drug

Deliv. (2016) 23:167–73. doi: 10.3109/10717544.2014.908248

60. Kickingereder P, Willeit P, Simon T, Ruge MI. Diagnostic value and safety

of stereotactic biopsy for brainstem tumors: a systematic review and meta-

analysis of 1480 cases. Neurosurgery (2013) 72:873–81. discussion: 882. quiz:

882. doi: 10.1227/NEU.0b013e31828bf445

61. Puget S, Beccaria K, Blauwblomme T, Roujeau T, James S, Grill J, et al. Biopsy

in a series of 130 pediatric diffuse intrinsic Pontine gliomas. Childs Nerv Syst.

(2015) 31:1773–80. doi: 10.1007/s00381-015-2832-1

62. Jain RK. Transport of molecules, particles, and cells in solid tumors. Annu Rev

Biomed Eng. (1999) 1:241–63. doi: 10.1146/annurev.bioeng.1.1.241

63. Lewis O, Woolley M, Johnson D, Rosser A, Barua NU, Bienemann

AS, et al. Chronic, intermittent convection-enhanced delivery devices.

J Neurosci Methods (2016) 259:47–56. doi: 10.1016/j.jneumeth.2015.

11.008

64. Lewis O, Woolley M, Johnson DE, Fletcher J, Fenech J, Pietrzyk MW, et al.

Maximising coverage of brain structures using controlled reflux, convection-

enhanced delivery and the recessed step catheter. J Neurosci Methods (2018)

308:337–45. doi: 10.1016/j.jneumeth.2018.08.029

65. Lonser RR, Warren KE, Butman JA, Quezado Z, Robison RA, Walbridge

S, et al. Real-time image-guided direct convective perfusion of intrinsic

brainstem lesions. Technical note. J Neurosurg. (2007) 107:190–7.

doi: 10.3171/JNS-07/07/0190

66. Sampson JH, Brady ML, Petry NA, Croteau D, Friedman AH, Friedman

HS, et al. Intracerebral infusate distribution by convection-enhanced delivery

in humans with malignant gliomas: descriptive effects of target anatomy

and catheter positioning. Neurosurgery (2007) 60(2 Suppl. 1):ONS89–98.

discussion: ONS-9. doi: 10.1227/01.NEU.0000249256.09289.5F

67. Allard E, Passirani C, Benoit JP. Convection-enhanced delivery of

nanocarriers for the treatment of brain tumors. Biomaterials (2009) 30:2302–

18. doi: 10.1016/j.biomaterials.2009.01.003

68. Baxter LT, Jain RK. Transport of fluid and macromolecules in tumors. I.

Role of interstitial pressure and convection.Microvasc Res. (1989) 37:77–104.

doi: 10.1016/0026-2862(89)90074-5

69. Chen MY, Hoffer A, Morrison PF, Hamilton JF, Hughes J, Schlageter KS, et al.

Surface properties, more than size, limiting convective distribution of virus-

sized particles and viruses in the central nervous system. J Neurosurg. (2005)

103:311–9. doi: 10.3171/jns.2005.103.2.0311

70. Louis N, Liu S, He X, Drummond DC, Noble CO, Goldman S, et al. New

therapeutic approaches for brainstem tumors: a comparison of delivery routes

using nanoliposomal irinotecan in an animal model. J Neurooncol. (2018)

136:475–84. doi: 10.1007/s11060-017-2681-8

71. Luther N, Zhou Z, Zanzonico P, Cheung NK, Humm J, Edgar MA,

et al. The potential of theragnostic (1)(2)(4)I-8H9 convection-enhanced

delivery in diffuse intrinsic pontine glioma. Neuro Oncol. (2014) 16:800–6.

doi: 10.1093/neuonc/not298

Frontiers in Oncology | www.frontiersin.org 9 February 2019 | Volume 9 | Article 31

https://doi.org/10.3171/2010.9.JNS101223
https://doi.org/10.1002/(SICI)1097-0142(20000201)88:33.0.CO;2-Y
https://doi.org/10.3171/jns.2006.105.3.445
https://doi.org/10.1016/j.addr.2014.01.008
https://doi.org/10.1073/pnas.1807105115
https://doi.org/10.1016/j.ultras.2008.04.004
https://doi.org/10.1148/radiol.2202001804
https://doi.org/10.1016/j.jconrel.2018.05.005
https://doi.org/10.1016/j.biomaterials.2012.11.048
https://doi.org/10.3390/cancers5031020
https://doi.org/10.2174/1570159X14666160614093615
https://doi.org/10.1073/pnas.91.6.2076
https://doi.org/10.3171/jns.1999.90.2.0321
https://doi.org/10.1016/j.clineuro.2016.01.007
https://doi.org/10.3171/jns.2007.106.2.351
https://doi.org/10.1093/neuonc/nop054
https://doi.org/10.1007/s11060-010-0255-0
https://doi.org/10.4103/2152-7806.151337
https://doi.org/10.1016/S1470-2045(18)30322-X
https://doi.org/10.1212/01.wnl.0000247744.10990.e6
https://doi.org/10.1177/0883073808321064
https://doi.org/10.1007/s00701-013-1700-6
https://doi.org/10.1016/j.jneumeth.2013.02.007
https://doi.org/10.3109/10717544.2014.908248
https://doi.org/10.1227/NEU.0b013e31828bf445
https://doi.org/10.1007/s00381-015-2832-1
https://doi.org/10.1146/annurev.bioeng.1.1.241
https://doi.org/10.1016/j.jneumeth.2015.11.008
https://doi.org/10.1016/j.jneumeth.2018.08.029
https://doi.org/10.3171/JNS-07/07/0190
https://doi.org/10.1227/01.NEU.0000249256.09289.5F
https://doi.org/10.1016/j.biomaterials.2009.01.003
https://doi.org/10.1016/0026-2862(89)90074-5
https://doi.org/10.3171/jns.2005.103.2.0311
https://doi.org/10.1007/s11060-017-2681-8
https://doi.org/10.1093/neuonc/not298
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Himes et al. Convection-Enhanced Delivery for DIPG

72. Perlstein B, Ram Z, Daniels D, Ocherashvilli A, Roth Y, Margel S,

Mardor Y. Convection-enhanced delivery of maghemite nanoparticles:

Increased efficacy and MRI monitoring. Neuro Oncol. (2008) 10:153–61.

doi: 10.1215/15228517-2008-002

73. Mardor Y, Rahav O, Zauberman Y, Lidar Z, Ocherashvilli A, Daniels

D, et al. Convection-enhanced drug delivery: increased efficacy and

magnetic resonance image monitoring. Cancer Res. (2005) 65:6858–63.

doi: 10.1158/0008-5472.CAN-05-0161

74. Lonser RR. Imaging of convective drug delivery in the nervous system.

Neurosurg Clin N Am. (2017) 28:615–22. doi: 10.1016/j.nec.2017.05.012

75. Szerlip NJ, Walbridge S, Yang L, Morrison PF, Degen JW, Jarrell ST, et al.

Real-time imaging of convection-enhanced delivery of viruses and virus-sized

particles. J Neurosurg. (2007) 107:560–7. doi: 10.3171/JNS-07/09/0560

76. Zhou J, Patel TR, Sirianni RW, Strohbehn G, Zheng MQ, Duong

N, et al. Highly penetrative, drug-loaded nanocarriers improve

treatment of glioblastoma. Proc Natl Acad Sci USA. (2013) 110:11751–6.

doi: 10.1073/pnas.1304504110

77. Occhiogrosso G, Edgar MA, Sandberg DI, Souweidane MM. Prolonged

convection-enhanced delivery into the rat brainstem. Neurosurgery (2003)

52:388–93. discussion: 93–4. doi: 10.1227/01.NEU.0000043696.83722.8D

78. Sewing AC, Caretti V, Lagerweij T, Schellen P, Jansen MH, van Vuurden

DG, et al. Convection enhanced delivery of carmustine to the murine

brainstem: a feasibility study. J Neurosci Methods (2014) 238:88–94.

doi: 10.1016/j.jneumeth.2014.09.020

79. Krauze MT, Vandenberg SR, Yamashita Y, Saito R, Forsayeth J, Noble C,

et al. Safety of real-time convection-enhanced delivery of liposomes to

primate brain: a long-term retrospective. Exp Neurol. (2008) 210:638–44.

doi: 10.1016/j.expneurol.2007.12.015

80. Zhou Z, Ho SL, Singh R, Pisapia DJ, Souweidane MM. Toxicity

evaluation of convection-enhanced delivery of small-molecule kinase

inhibitors in naive mouse brainstem. Childs Nerv Syst. (2015) 31:557–62.

doi: 10.1007/s00381-015-2640-7

81. Singleton WG, Collins AM, Bienemann AS, Killick-Cole CL, Haynes HR,

Asby DJ, et al. Convection enhanced delivery of panobinostat (LBH589)-

loaded pluronic nano-micelles prolongs survival in the F98 rat glioma model.

Int J Nanomed. (2017) 12:1385–99. doi: 10.2147/IJN.S125300

82. Degen JW, Walbridge S, Vortmeyer AO, Oldfield EH, Lonser RR. Safety

and efficacy of convection-enhanced delivery of gemcitabine or carboplatin

in a malignant glioma model in rats. J Neurosurg. (2003) 99:893–8.

doi: 10.3171/jns.2003.99.5.0893

83. Hennika T, Hu G, Olaciregui NG, Barton KL, Ehteda A, Chitranjan

A, et al. Pre-clinical study of panobinostat in xenograft and genetically

engineered murine diffuse intrinsic pontine gliomamodels. PLoS ONE (2017)

12:e0169485. doi: 10.1371/journal.pone.0169485

84. Wang ZJ, Ge Y, Altinok D, Poulik J, Sood S, Taub JW, et al. Concomitant use of

panobinostat and reirradiation in progressive DIPG: report of 2 cases. J Pediatr

Hematol Oncol. (2017) 39:e332–e5. doi: 10.1097/MPH.0000000000000806

85. Singleton WGB, Bieneman AS, Woolley M, Johnson D, Lewis O, Wyatt MJ,

et al. The distribution, clearance, and brainstem toxicity of panobinostat

administered by convection-enhanced delivery. J Neurosurg Pediatr. (2018)

22:288–96. doi: 10.3171/2018.2.PEDS17663

86. Anderson RC, Kennedy B, Yanes CL, Garvin J, Needle M, Canoll P,

et al. Convection-enhanced delivery of topotecan into diffuse intrinsic

brainstem tumors in children. J Neurosurg Pediatr. (2013) 11:289–95.

doi: 10.3171/2012.10.PEDS12142

87. Gonzalez-Martinez J, Vadera S, Mullin J, Enatsu R, Alexopoulos AV,

Patwardhan R, et al. Robot-assisted stereotactic laser ablation in

medically intractable epilepsy: operative technique. Neurosurgery (2014)

10 (Suppl. 2):167–72. discussion: 72–3. doi: 10.1227/NEU.00000000000

00286

88. Bienemann A, White E, Woolley M, Castrique E, Johnson DE,

Wyatt M, et al. The development of an implantable catheter

system for chronic or intermittent convection-enhanced delivery. J

Neurosci Methods (2012) 203:284–91. doi: 10.1016/j.jneumeth.2011.

10.002

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

The handling editor declared a shared affiliation, though no other collaboration,

with the authors at time of review.

Copyright © 2019 Himes, Zhang and Daniels. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Oncology | www.frontiersin.org 10 February 2019 | Volume 9 | Article 31

https://doi.org/10.1215/15228517-2008-002
https://doi.org/10.1158/0008-5472.CAN-05-0161
https://doi.org/10.1016/j.nec.2017.05.012
https://doi.org/10.3171/JNS-07/09/0560
https://doi.org/10.1073/pnas.1304504110
https://doi.org/10.1227/01.NEU.0000043696.83722.8D
https://doi.org/10.1016/j.jneumeth.2014.09.020
https://doi.org/10.1016/j.expneurol.2007.12.015
https://doi.org/10.1007/s00381-015-2640-7
https://doi.org/10.2147/IJN.S125300
https://doi.org/10.3171/jns.2003.99.5.0893
https://doi.org/10.1371/journal.pone.0169485
https://doi.org/10.1097/MPH.0000000000000806
https://doi.org/10.3171/2018.2.PEDS17663
https://doi.org/10.3171/2012.10.PEDS12142
https://doi.org/10.1227/NEU.0000000000000286
https://doi.org/10.1016/j.jneumeth.2011.10.002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Treatment Strategies in Diffuse Midline Gliomas With the H3K27M Mutation: The Role of Convection-Enhanced Delivery in Overcoming Anatomic Challenges
	Introduction
	Clinical Presentation of Diffuse Intrinsic Pontine Glioma (DIPG)
	Current Therapies
	H3K27M Mutation

	The Blood-Brain Barrier (BBB)
	Alternative Delivery Methods
	Convection-Enhanced Delivery
	Catheter Placement
	Variables in CED
	Advantages for Drug Delivery

	Properties of Infusate
	Visualization of CED
	Current Animal Models For CED
	Current Clinical Trials For DIPG Using CED
	124I-8H9
	Panobinostat
	Liposomal Irinotecan
	Multicatheter CED Injections
	Future Directions

	Conclusion
	Author Contributions
	Funding
	References


