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Abstract Since its first description in 1994, convection-enhanced delivery (CED)

has become a reliable method of administering drugs directly into the brain
parenchyma. More predictable and effective than simple diffusion, CED
bypasses the challenging boundary of the blood brain barrier, which has
frustrated many attempts at delivering large molecules or polymers into the
brain parenchyma. Although most of the clinical work with CED has been
carried out on adults with incurable neoplasms, principally glioblastoma
multiforme, an increasing number of studies have recognized its potential for
paediatric applications, which now include treatment of currently incurable
brain tumours such as diffuse intrinsic pontine glioma (DIPG), as well as
metabolic and neurotransmitter diseases. The roadmap for the development of
hardware and use of pharmacological agents in CED has been well-established,
and some neurosurgical centres throughout the world have successfully
undertaken clinical trials, admittedly mostly early phase, on the basis of in vitro,
small animal and large animal pre-clinical foundations. However, the clinical
efficacy of CED, although theoretically logical, has yet to be unequivocally
demonstrated in a clinical trial; this applies particularly to neuro-oncology.
This review aims to provide a broad description of the current knowledge of
CED as applied to children. It reviews published studies of paediatric CED in
the context of its wider history and developments and underlines the challenges
related to the development of hardware, the selection of pharmacological agents,
and gene therapy. It also reviews the difficulties related to the development of
clinical trials involving CED and looks towards its potential disease-modifying
opportunities in the future.
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Chapter 6
Convection-Enhanced Delivery
in Children: Techniques and Applications

K. Aquilina, A. Chakrapani, L. Carr, M. A. Kurian, and D. Hargrave

6.1 Introduction

Since it was first described in 1994, convection-enhanced delivery (CED) has under-
gone extensive pre-clinical and clinical investigations [1]. Although predominantly
rooted in oncology, CED has been also used extensively in other fields in both adults
and children, including neurodegenerative, metabolic, and neurotransmitter disor-
ders. The unique ability of CED to reliably deliver macromolecules, nanoparticles,
and viruses directly to their site of action in the brain, bypassing the blood brain
barrier, continues to hold promise. In this article, we review the principles of CED
and describe its techniques and applications in children.
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6.2 The Blood Brain Barrier and Interstitial Fluid

The blood brain barrier (BBB) is the interface between the brain parenchyma and
the vascular system. Its primary function is to maintain brain homeostasis by regu-
lating transport into and out of brain cells. The architecture and development of the
brain microvasculature is highly conserved across species. Early growth of brain
capillaries has been extensively described in the zebrafish, where the development
of BBB properties parallels early angiogenesis and is strikingly similar to the mam-
malian brain [2]. The human brain contains an extensive network of capillaries, with
an average diameter of 7 pm, and an estimated surface area of 15-25 m? The vas-
cular system of the brain is arranged such that each neuron is no further than
10-20 pm from the nearest capillary [3].

The BBB, at the level of the vascular endothelium, maintains homoeostasis for
water, ions, amino acids, hormones, neurotransmitters, and immune cells as well as
provides a barrier for toxic or infectious agents. In this way, it protects the brain
against disruption of controlled neuronal signalling, inflammation, cerebral oedema,
and exposure to pathogens. The neurovascular unit represents a structural and func-
tional interaction between vascular cells (endothelial cells, pericytes), the basement
membrane, and glial cells (microglia, astrocytes, and oligodendroglia). Endothelial
cells are held together by interactions between the extracellular domains of trans-
membrane proteins, which are anchored on their intracellular side to the cytoskele-
ton. These prevent paracellular transport of molecules, enforcing the need for
transcellular active transport. This is a dynamic interaction, such that increased
shear stress due to blood flow upregulates genes associated with junctional proteins
and transporters. Endothelial cells lack fenestrations and allow only low rates of
transcytosis [4]. In the post-capillary venules, endothelial cells also have low expres-
sion of leucocyte adhesion molecules, allowing higher control of white cell recruit-
ment to the perivascular spaces, limiting inflammation and oedema.

Brain capillaries are almost completely surrounded by astrocytic end feet. An
astrocyte may support multiple endothelial cells. Astrocytes have a role in regulat-
ing blood flow in response to increased local neuronal activity, probably by chang-
ing calcium ion concentration in their end feet. The pericytes wrap around capillaries
and are aligned with the direction of blood flow. They are separated from the endo-
thelial cells by a thin 100 nm basement membrane. One pericyte typically supports
three endothelial cells [5]. Pericytes are contractile, as they have actin fibres spread
throughout their body; they can regulate capillary diameter and blood flow. They are
recruited to nascent capillaries during development.

The extracellular space in the brain occupies 15-30% of the brain volume. It sur-
rounds the neurons and glia in the brain and consists of a hyaluronan-based matrix
and a fluid phase that contains lower protein, K*, and Ca** concentrations than
plasma but higher Mg?* levels. Its fraction of total brain volume has been estimated
at 0.15-0.30 [6]. The fluid phase represents a reservoir of ions and neurotransmitters
and allows movement of solutes and nutrients between the most peripheral capillar-
ies and the brain cells. It originates at the BBB, as the sodium—potassium pump
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generates a net inflow of filtered plasma into the fluid phase [7]. CSF flow in the
glymphatic system also mixes within the interstitial fluid, as it flows along the
Virchow Robin spaces [8]. The geometry of the extracellular space has been
described as an interconnected network of pores, up to 100 nm in diameter, running
between adjacent cell membranes [6].

The BBB is a key obstacle in the treatment of several conditions that affect the
CNS; only depression, schizophrenia, chronic pain, some of the white matter, neu-
rotransmitter and autoimmune disorders, and epilepsy are currently treatable with
orally administered small molecule drug therapy [3]. The BBB represents an impor-
tant component of the gap between in vitro pharmacological success and patient
outcomes in clinical trials. While small (<500 Da) lipophilic molecules can diffuse
across the luminal and abluminal membranes of the endothelial cells, small polar
molecules such as amino acids and nucleosides require carrier-mediated transport
through the endothelial cells. Larger molecules such as proteins require endocytic
transport, mediated by receptors or adsorption [3]. Efflux pumps actively return
unwanted molecules back into the circulation. Ninety eight percent of all small
molecules do not cross the BBB.

6.3 Convection-Enhanced Delivery: General Principles

6.3.1 Volume of Distribution

CED involves the bulk movement of a solute or drug along a pressure differential
into the interstitial compartment, gradually replacing the extracellular fluid with
infusate. The first injection studies, using blunt stainless steel 23G cannulae, were
carried out in the corona radiata of anaesthetized cats, using a large (transferrin) and
a small (sucrose) molecule [1]. These initial studies showed that ‘microinfusion’
could effectively raise the concentration of a substance within the brain parenchyma
to several orders of magnitude of that in the systemic circulation. Early CED trials
using diphtheria toxin for recurrent malignant gliomas demonstrated local tumour
responses without systemic adverse effects [9].

CED was confirmed to be five to tenfold more effective than diffusion in deliver-
ing a substance [10]. Whereas diffusion is driven by a concentration gradient, CED
can continue despite equal concentrations of the substance throughout the tissue.
Distribution achieved by diffusion alone is limited to a maximum of 1-2 mm and is
dependent on the size of the molecule. Diffusion is less effective for large mole-
cules. There is a steep drop-off at the peripheral margin of the distribution, by about
250-1000-fold. In addition, the concentration of molecule at the point of dispersal
must be very high, and therefore potentially toxic to brain tissue, at least at that point.

In contrast, CED, driven by a pressure differential, is able to distribute a mole-
cule homogeneously throughout a high volume of interstitial brain tissue. Molecular
size is not a limiting factor, as the interstitial fluid is displaced by bulk flow of the
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solute containing the drug. Its eventual distribution is limited by the total volume
infused, the metabolism of the drug, the degree to which it is bound to or taken up
by the local cells, and whether it is transported back into the microvasculature.
Distribution by CED is best for high molecular weight (>400 Da) hydrophilic mol-
ecules, which are therefore not easily cleared out of the interstitial fluid by absorp-
tion into the systemic circulation through the local capillaries. Large, hydrophilic
molecules are more likely to remain in the interstitial fluid rather than diffuse back
into the circulation [11]. Long infusion times allow a longer opportunity for metab-
olism and clearance at the periphery of the distribution cloud, leading to reduction
in distribution volume [12]. As a continuous pressure differential is required, it is
essential that the materials used to inject the drug into the brain, including the
syringes, tubing, and implanted catheters, are made of stiff non-compliant materials.

Several variables affect delivery of the drug into the brain parenchyma. These
include anatomy of the target site, infusion rate, infusion frequency, drug type and
concentration, as well as catheter design and placement [11]. Delivery is defined by
the ratio of the volume of brain permeated (V;) by the volume infused (V;). This var-
ies by the permeability of the target brain tissue; a higher ratio implies superior
delivery. Brain grey matter (cortex) has a lower interstitial fraction than white mat-
ter and has a typical distribution ratio of 4:1. White matter is more permeable and
typically has a distribution ratio of 7:1. The high density of the white matter tracts
in the brainstem gives it a typical ratio of up to 10:1. In addition, the anatomy of the
target region defines the shape of permeation. In the cortex, flow is typically not
constrained in any one direction (anisotropic) and fluid distribution is therefore
spherical. In white matter, the direction of the tracts determines permeability, lead-
ing to isotropic distribution that is higher along the tracts.

The volume of distribution is also limited by ependymal and pial surfaces. Once
the infused volume reaches these boundaries, the solute will then be lost to CSE. One
study monitored the volume of distribution of gadoteridol-loaded liposomes infused
by CED into non-human primates and canines [13]. This demonstrated that once
leakage into the ventricles or sulci began, further distribution into the brain ceased
or underwent marked attenuation. However, high molecular weight compounds
may be contained by the pia and prevented from leaking into the subarachnoid
space, if the pial surface itself is not punctured [14].

Particular issues related to the interstitial fluid and volume of distribution apply
to CED in brain tumours. Brain tumours, especially higher-grade ones, disrupt the
intercellular space and the physiological fluid flow within it. Neovascularization,
increased permeability of immature blood vessels, sequestration of protein, and
increased cellular components all raise fluid volume within the space and increase
interstitial pressure [15]. The interstitial pressure in normal brain tissue is 0.8 mmHg,
while within a tumour it has been measured at 7 mmHg [16]. Bulk flow of intersti-
tial fluid from inside to outside the tumour may reduce the efficacy of CED. Cystic
tumour components create their own local effects on the surrounding tumour tissue
and brain parenchyma, depending on their content, fullness, and permeability, and
the pressure within them may be different from that in the ventricles or subarach-
noid space [17]. While in adult GBMs CED is usually administered after resection
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of the tumour, this is not the case for diffuse intrinsic pontine glioma (DIPG) in
children, where it is usually administered after radiotherapy. However, radiotherapy
is known to degrade extracellular matrix, increasing its permeability [18]. Necrotic
areas may act as sinks, reducing further forward flow of infusate. This is an impor-
tant factor considering that in most current trials CED is administered after other
treatment modalities have failed.

DIPGs can contain cystic regions; precise positioning of a catheter tip at least
10 mm from the cyst has been shown to preserve infusate volume, with avoidance
of leakage into the cyst [19]. Regions of tumour necrosis lack interstitial architec-
ture and may lead to pooling of the infusate, and highly vascular regions in malig-
nant tumours can lead to infusate leaking into the systemic circulation [13]. The
presence of a rich network of lenticulostriate vessels around the putamen may draw
interstitial fluid and CED infusate into perivascular channels in a dorsoventral direc-
tion along a preferential extracellular flow pathway; a putaminal infusion approach-
ing from a dorsal direction exploits this natural flow [20].

The volume of distribution is also influenced by viscosity and surface properties
of the infused solute [21]. Monodispersed maghemite nanoparticles distributed bet-
ter when their viscosity was increased by coating with dextran or when the infusate
also contained sucrose or polyethylene glycol [22]. In a study evaluating delivery of
viral particles, surface characteristics were found to be critical for their distribution
[23]. Similarly, in another study evaluating spread of liposomes infused by CED,
liposomes shielded by polyethylene glycol distributed further than unshielded lipo-
somes [24]. Positively charged liposomes were also more effectively bound to cells,
reducing their spread in comparison to neutral or negatively charged ones [24].

6.3.2 Infusate Backflow

High variability in flow rate and infusion patterns has made it harder to evaluate the
impact of CED across clinical trials; infusion rates, for example, have ranged from
0.5 to 66 pL/min, and volumes infused from 2 to 108 mLs [11]. Infusions are usu-
ally commenced at a low rate, starting from 0.1 to 5 pL/min. The rate is slowly
increased over subsequent hours. Effective infusion rates are specific to the catheter
used and the target tissue. Historically, infusion rates have increased to enable suf-
ficient drug delivery within a reasonable time. Although an increase in flow rate
theoretically increases the volume of distribution, in practice this also leads to an
increase in backflow along the cannula back towards the surface of the brain.
Backflow, or reflux, reduces pressure at the point of injection, limiting wide sol-
ute distribution. Once an annular gap around the catheter is formed, backflow is
established, offering a path of least resistance and leading to loss of large volumes
of fluid [25]. The needle tract effectively forms a pressure sink with lower hydraulic
resistance than brain parenchyma [26]. Rotational movement during insertion may
compromise the parenchymal seal around the cannula and increase reflux [27].
Conversely, rapid needle insertion may reduce parenchymal injury and reduce reflux
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[28]. Reflux is more extensive, both in volume lost and distance travelled, when
cannulas with large diameter are used [26]. When catheters similar to shunt cathe-
ters were used, either with a single opening at the end or with multiple side open-
ings, distribution was poor; sealing of the burr holes, or use of a very low flow rate,
was required to reduce large reflux [29, 30]. When multi-port hydrocephalus shunts
were used, 80% of the fluid escaped through the three proximal holes, severely lim-
iting any forward solute delivery [31]. The position of the catheter tip with regard to
the tumour and peri-tumoural region, as well as distance from the ventricle, the
cortical surface, and major sulcal boundaries, also influences the extent of backflow
and success of solute delivery [14].

Backflow is also influenced by hydraulic resistance in the region of the ventri-
cles. In computational three-dimensional models designed specifically to evaluate
backflow and using realistic non-linear brain geometry, backflow varied with infu-
sion flow rates, catheter distance from the ventricles, and intraventricular pressure
[32]. Catheters implanted close to low-pressure ventricles were shown to lose more
fluid to ventricular CSF, whereas catheters close to high-pressure ventricles had
high backflow. The authors recognize that more accurate flow modeling must be
patient-specific and needs to take into account heterogeneities of brain tissue, par-
ticularly in the vicinity of a tumour, and the changes in the mechanical properties of
the parenchyma occurring as a result of cannula insertion and progressive infusion
[32]. A recent study in adult rat brains has demonstrated the efficacy of electroki-
netic CED of charged molecules along a current between two implanted electrodes;
in this way, the infusion pressure, essential for CED, and the cause of backflow, is
replaced by the electrophoretic mobility of the solute [33]. This technique also pro-
vides definitive directionality of distribution. Further pre-clinical studies are
required to explore this concept further.

6.3.3 Catheters for CED

Catheters in current use are up to about 32G in diameter. Mechanical disruption and
trauma of brain tissue around the catheter caused during insertion, as well as the
presence of air bubbles, intermittent blockage, pressure spikes during infusion,
large catheter diameter, and catheter hardness, all increase the volume and extent of
backflow [34, 35]. Delaying the first injection to allow a longer tissue sealing time
between the catheter and the brain has not been shown to effectively reduce back-
flow, probably because the healing time required is longer than the permissible wait-
ing time. Insertion of a small soft catheter over a stylet increases the risk of
introducing air bubbles. To limit this, catheters often have an outer coat that is more
rigid, obviating the need for an internal stylet.

Five categories of catheter design have been described. These include the end-
port cannula, stepped profile catheters, multi-port catheters, porous-tipped cathe-
ters, and balloon-tipped catheters [21]. Most have been evaluated in agarose gel
phantoms, considered similar to brain tissue, although understandably more
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homogenous and validated against the porcine brain model [36]. The microporous-
tipped cannula is characterized by a ceramic tip containing a large number of small
holes, up to 0.45 pm in diameter, arranged around the circumference of the catheter.
As the holes are so small, pressure within the core distal to the proximal holes is
maintained, allowing for a more even flow from the whole tip.

Porous catheters, with high porosity over a 13 mm segment, starting 4 mm from
the tip, have been evaluated for infusion of large volumes of fluid over a wide dis-
tribution, such as an entire hemisphere [37]. When compared to the SmartFlow™
cannula, a step end-port catheter, used in vivo in porcine brain, larger distribution
volumes were obtained with the porous catheter, as fluid emanated radially and
uniformly from the entire porous length. Balloon-tipped catheters have been used
only experimentally; these allow a small balloon at the top to be inflated within the
post-resection tumour cavity, allowing the drug to be delivered into the periphery
where tumour recurrence is most likely, without the risk of pooling or sequestration
into the cavity [38]. The infusate was delivered effectively into the brain paren-
chyma around the balloon in a canine model to a depth of 25 mm, which would be
expected to cover the region of recurrence in a glioblastoma [39]. In another study,
the balloon did not have an exit port; it was filled with '*I radiation source to deliver
brachytherapy instead [40].

Stepped catheters have been used extensively for experimental and clinical CED
and several designs have been developed. A step, fashioned close to the tip of the
cannula, reduces reflux up the catheter, increases perfusion and interstitial pressure
around the tip, and improves distribution (Fig. 6.1). The first stepped catheter was
composed of a 0.2 mm needle with a glued-in silica tubing, 0.168 mm in external
diameter, that extended beyond the tip of the needle by 5-10 mm [41]. Rigid can-
nulas, which contain ceramic or steel tubing with fused silica liners, are preferable
for acute injection, as they minimize macro-motion during implantation and

Fig. 6.1 (a) Tip of the Smartflow TM CED cannula. The block arrow points to the step proximal
to the tip of the cannula, designed to prevent reflux. The body of the cannula is made of rigid
ceramic. (b) Intraoperative infusion of AAV2 gene therapy for San Filippo syndrome, with six
simultaneous infusions connected to the same Harvard syringe pump

223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249



250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282

283

284
285
286
287
288
289
290

K. Aquilina et al.

injection [36]. For long-term implantation, however, the relative movement between
the rigid cannula and the brain may promote reflux. A flexible cannula can move
harmlessly with the frequent brain movements related to day-to-day activities.
Subsequent developments included flexible cannulas with a rigid distal infusion tip,
inserted over a removable rigid core. One of the first flexible catheter assemblies
that was suitable for long-term implantation was used in a glial cell-line-derived
neurotrophic factor (GDNF) study in Parkinson’s disease [42].

Renishaw PLC have subsequently developed a recessed sub-millimetre diam-
eter catheter in which two guide tubes, an inner and a longer outer one, form a step
1.5 mm long just proximal (3—18 mm) to the catheter tip; the inner guide tube is
shorter than the outer one, thereby forming a recess which, on insertion, is plugged
with tissue and therefore limits further reflux [25, 38]. The developers argue that
this cannula does not act as a point source of distribution, but rather as a controlled
reflux device [25]. A higher recess (or longer step length) led to a longer and nar-
rower ellipsoid distribution; higher infusion flow rates led to reduced distribution.
This applied to both in vitro and porcine grey matter evaluation (thalamic and
putaminal) [25]. The authors argue that the distribution can be designed as spheri-
cal or ellipsoid by using catheters with shorter or longer recess length, aiming to
match their target more completely. A step length between 3 and 6 mm causes a
length to width ratio of 1:1-1:1.5 (spherical), whereas a step length over 12 mm
increases the ratio to 2:1 or 3:1 (ellipsoid). Except for infusion at high pressures,
the step limited further backflow around the cannula. Infusate rose to the step and
then stabilized and distributed laterally. The highest reflux was seen with the
shortest step lengths and the highest infusion rates. This study also showed that
large backflow rates could be reduced by lowering infusion rates, but in vivo this
would necessitate MR imaging during infusion [25]. These catheters are able to
connect to a delivery system incorporating a transcutaneous port at the skull
surface.

Another cannula involves a valve-tip device, where a solid rod is inserted into the
core of the cannula, and on insertion, is withdrawn 3—5 mm. The design of the core
is such that this allows infusate to flow around the rod, reducing the dead volume of
the cannula [43].

Specialist pumps that are able to maintain such low flow rates are clearly required.

6.3.4 Catheter Insertion Techniques

Various aspects of catheter insertion procedures have been described in the recent
literature. Implantation of the Renishaw stepped catheter utilizes image guidance
and stereotactic robot assistance, based on the Neurolnspire software [25, 44]. Each
component of the cannula is delivered over guide rods. The outer guide tube is
delivered over a tungsten carbide delivery rod, just short of the implantation posi-
tion. The inner guide tube is then passed over an inner steel rod under continuous
aspiration to minimize entry of air into the tract. Finally, a 0.6 mm rod is advanced
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beyond the inner guide tube to the injection point, creating a pre-formed track for
the unsupported flexible cannula [25].

One of the principal difficulties in CED is the ability to visualize the distribution
of the drug, ideally in real time, so that appropriate corrective action can be taken,
if necessary, during the infusion to ensure complete coverage of the target. One
technique to achieve real-time CED uses intraoperative MRI [45]. The ClearPoint
navigation platform (MRI Interventions, Irvine, CA, USA) was developed to
improve safety and accuracy of electrode implantation in deep brain stimulation and
was subsequently modified to allow accurate drug delivery and real-time visualiza-
tion in an intraoperative MRI setting [45, 46]. The SmartGrid, a localizing adhesive
grid, is positioned over the expected entry site before MR volumetric scanning and
informs the positioning of the SmartFrame, a scalp or skull-mounted frame which
contains the infusion cannula guide. The ClearPoint software generates the trajec-
tory and provides depth as well as co-ordinates on the XY axis. In addition, adjust-
ments using hand controllers that extend beyond the bore of the magnet can be made
by the neurosurgeon, allowing the expected error at the target to lie below 0.5 mm.
A burr hole is then drilled through the mounted frame along the appropriate trajec-
tory, and the SmartFlow cannula, after priming, is inserted to the required depth.
Co-infusion with gadolinium allows real-time visualization of the injection; fast
multiplanar T1 images are acquired every 5 min during the infusion. Once the
infused fluid is seen in the target, the flow is increased as required by the protocol
[45]. Bilaterally mounted SmartFrames allow simultaneous infusions in both
hemispheres.

The aforementioned authors have used this system widely, including for the
delivery of adeno-associated virus serotype 2 (AAV2), carrying a gene for amino
acid decarboxylase (AADC), into the putamen of patients with medically refractory
Parkinson’s disease. The primary benefit of the technique is that the volume infused
may be varied depending on the coverage of the putamen, as it is visualized in real
time [45]. The system has also been used in early phase trials for recurrent glioblas-
toma, delivering nanoliposomal irinotecan and a retroviral replicating vector con-
taining the gene for cytosine deaminase, an enzyme that converts the prodrug
flucytosine to 5-fluoruracil in tumour cells. An implantable reservoir is currently
being developed, opening the possibility of continuous long-term infusions.

A further development that has been trialled in non-human primate studies
involves a frameless skull-mounted ball-joint guide array (BJGA) [27]. This device,
made of PEEK and therefore MRI compatible, fixes to the skull through three
screws; it rotates through 360° and has a maximum angulation of 16° to the vertical.
Its centre contains three 2 mm holes, each allowing cannulas, electrodes, or biopsy
needles up to 16 gauge to be inserted through. The device also contains fiducials
filled with gadolinium that allows registration using T1-weighted MRI scans. The
software allows the trajectory of the cannula to be matched to the pre-planned route.
In a non-human primate study evaluating delivery along the long axis of the puta-
men, the mean Euclidean error at the target was 1.18 + 0.60 mm. This is similar to
the frame-based ClearPoint system, as evaluated in a small series of patients under-
going CED for DIPG or Parkinson’s disease [47]; a significant contribution to this
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error comes from non-linearities in the MR field. As in the ClearPoint system, real-
time visualization of the infusion is also possible [27]. The small size of the device
is particularly suited for paediatric use and allows multiple burr holes to be used
simultaneously, either bilaterally or unilaterally with multiple directions to the same
target. The three close parallel tracts allow real-time optimization of trajectory by
switching to an adjacent port as a ‘rescue infusion’. Real-time adjustment in the
MRI scanner also allows compensation for brain shift, related to loss of CSF or
entry of air [27].

Matching distribution of infusate to the target remains a challenge, particularly
when the target is elongated or irregular and therefore difficult to cover with multi-
ple spherical infusion points. The ‘infuse-as-you-go’ technique has been described
in a study that infused AAV solution to the putamen of non-human primates through
an occipital trajectory [20]. The catheters were advanced in 2—4 mm increments
during the infusion, under real-time MR guidance. Coverage of the putamen was
superior to the standard transfrontal approach and could be achieved with a single
trajectory. No reflux along the infusion cannula was noted [20].

6.3.5 Long-Term and Intermittent Infusions

Delivery of chemotherapy to brain tumours using CED is unlikely to be effective if
only carried out once, or if general anaesthesia and insertion of a new catheter are
required for every injection episode. Maintenance of a stable volume of chemo-
therapeutic agent within the parenchyma allows the drug to target tumour cells over
various phases of the cell cycle. Prolonged use of external catheters connected to
intracranial CED cannulas is difficult due to the inherent infection risk. The typical
scenario in adults occurs after resection of the contrast-enhancing components of a
glioblastoma multiforme (GBM). Tumour cells are still likely to be present within
2-3 cm of the margins of the resection cavity. These cells, despite adjuvant therapy
with radiotherapy and temozolamide, are almost always the source of tumour recur-
rence. The ability to effectively infuse chemotherapeutic agents in this area, for a
prolonged period or at regular intervals, in a way that maintains a high dose through-
out the entire volume is required if CED is to be successful at prolonging survival.
In one phase 1b study, continuous 100 h infusions of topotecan, to a total infused
volume of 40 mLs, in 16 patients, in and around recurrent GBMs, using an external
catheter, demonstrated tumour regression in 69% of patients [48, 49]. GBM patients
in the cohort had a 20% 2 year survival, and one remains alive at submission of a
subsequent report in 2020 [50].

The proof of principle for prolonged CED was established in a study on adult
pigs [51]. A single catheter was implanted into the anterior limb of the right internal
capsule and connected to a Synchromed II pump (model 8637-20, Medtronic)
implanted subcutaneously. Topotecan was co-infused with gadolinium for 3 or
10 days. Maximum enhancement volume was reached by day 3 and remained stable
in those pigs that underwent 10 days of infusion [51]. The longer infusion period led
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to a sustained volume of distribution beyond that achieved by the shorter 3-day infu-
sion. Long-term topotecan infusion was well-tolerated in all animals.

A longer study by the same group has been published recently and describes
important aspects of the effects of chronic infusions [12]. This involved infusion of
topotecan in adult pig brains over periods ranging between 4 and 32 days. Infusions
were carried out in the posterior centrum semiovale and were well-tolerated. A fully
implantable system using a SmartFlow Flex ventricular catheter, 0.5 mm internal
diameter (MRI Intervention Inc.), connected via a silastic lumbar catheter to a
Synchromed II pump was used. The infusion pumps were emptied and refilled every
4-5 days. Typical infused volumes varied between 2 and 4 mLs per day. Priming the
target tissue with a slow infusion for 1 or 2 days prior to increasing to a maximal
dose reduced extravasation into the ventricles at the higher infusion rate. Drug dis-
tribution was measured by co-infusion with gadolinium. The distributed volume
reached its peak early during the infusion and demonstrated a slight reduction as the
steady state was reached [12]. Placement of the catheter tip within the sub-cortical
white matter led to a distribution volume of 37.5% of the ipsilateral hemispheric
volume; this was not significantly different between the short and long-term infu-
sions, with most of the incremental gains in distribution occurring in the first 48 h,
suggesting that a steady state equilibrium between infusion and clearance develops
within 4 days of continuous infusion. This balance is dependent on local anatomy,
and in this study, was significantly lower in the hippocampus. The maximal volume
of distribution was achieved prior to the development of a steady state, suggesting
that intermittent short-term dosing may still achieve the same levels of distribution.
Despite the long-term infusion, none of the animals developed adverse effects, and
no topotecan was detectable systemically.

The authors also conducted an in vitro study to demonstrate that the presence of
gadolinium does not affect the cytotoxicity of topotecan on U87 human glioma
cells. In addition, multiple biopsies taken prior to sacrifice demonstrated a signifi-
cant positive correlation between gadolinium intensity and topotecan concentration.
Histological analysis showed reactive astrocytes, microglia, and macrophages
extending a few hundred microns from the catheter tip; this may be relevant to
reducing backflow in long-term catheter implantation [12].

Another device that allows chronic or intermittent CED infusions has been
developed by Renishaw PLC and has been used for recurrent glioblastoma, DIPG,
and Parkinson’s disease to infuse carboplatin, valproate, and GDNF [52-54]. The
device consists of implantable catheters connected to a transcutaneous bone-
anchored port [52]. In the first report on its use, a patient with recurrent glioblas-
toma underwent stereotactic implantation of four carbothane microcatheters, with
an outside diameter of 0.6 mm, targeting the tumour enhancement and the peri-
tumoural penumbra. The bone-anchored port was implanted using the skin-flap der-
matome technique pioneered in bone-anchored hearing aid surgery. A dermatome
was used to elevate a small flap of skin on an inferior pedicle, typically 25 mm in
diameter; the underlying subcutaneous tissue was excised. The port was anchored to
a burr hole in the skull bone at this site, the flap replaced, and the port then brought
out through an opening in the skin flap. Infusions were begun on the third day, with
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attachment of a needle administration device to the bone-anchored port.
Hyperintensity on the T2-weighted MR sequence was used as a surrogate for vol-
ume distribution [52]. 12-h infusions were administered on three consecutive days,
delivering a total volume of 27.9 mLs per day. Imaging showed a maximal distribu-
tion volume of 97.6 mLs, with a distribution to infusion ratio of around 3. Infusions
were repeated using higher carboplatin concentrations at 4 weeks. Imaging at
8 weeks demonstrated an almost 50% reduction in the volume of contrast enhance-
ment. Unfortunately, however, clear tumour progression was evident on further
imaging 8 weeks later, outside the volumes of T2 signal change seen during the
infusions. The patient subsequently died 8 months after implantation of the drug
delivery system, and 33 months from diagnosis of her GBM [52]. All infusions were
well-tolerated, with the exception of a single seizure on the third day of the first
infusion set.

The ability to safely administer drugs by CED intermittently over long periods of
time raises additional questions and opportunities. These include the development
of infusion regimes to ensure satisfactory and efficient volume distribution, limit
accumulation and toxicity, and allow periods of drug washout. Long-term scarring
around catheter tips may modulate infusion volumes and require further develop-
ment of catheter design and materials. For devices that use implanted pumps with
an integral drug reservoir, the stability of the drug at body temperature needs to be
addressed, as well as safe and easy ways of emptying and refilling the drug. The
effects of long-term infusions on serial imaging also need further study.

6.4 Applications of CED in Paediatric Neuro-Oncology

Diffuse intrinsic pontine glioma (DIPG) remains the main tumour for which CED
has been evaluated in children. DIPG carries the worst prognosis of all paediatric
brain tumours. It typically presents between the ages of 5 and 10 years, with a clas-
sic triad of long tract signs, cranial neuropathies, and cerebellar signs [55].
Hydrocephalus, due to occlusion of the fourth ventricle related to tumour growth
and infiltration in the fourth ventricular floor, is rare at presentation. Latency
between symptom onset and diagnosis is almost always under 3 months [56].
Median survival following radiotherapy is around 10 months, with overall survival
of 30% at 1 year, 10% at 2 years, and 1% at 5 years [57]. These statistics have not
been improved for decades. Diagnosis is traditionally based on MR imaging, with a
mass lesion that causes expansion of the pons, has poorly defined boundaries, occu-
pies more than 50% of its axial diameter, remains clearly above the ponto-medullary
junction, and often encircles the basilar artery. The lesion is hypointense on T1 and
hyper-intense on T2-weighted imaging and may demonstrate variable enhancement
with gadolinium. Contrast enhancement is an indicator of poor prognosis [58]
(Fig. 6.2).

Stereotactic biopsy has been demonstrated to be safe, with diagnostic success of
up to 96% and permanent morbidity of only 0.6% [59-61]. Biopsy has become
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Fig. 6.2 Typical MR characteristics of DIPG, with large pontine mass, hyper-intense on
T2-weighted axial image, encircling the basilar artery ventrally (a), and clearly delineated by the
ponto-medullary junction on sagittal T1 sequence (b). The tumour does not restrict on diffusion-
weighted imaging (¢) and does not enhance on gadolinium administration (d)

more frequent as commitment to understanding the biology of DIPG and attempts
to develop targeted therapy have intensified. Although routine biopsy has been
advocated in several publications, a recent survey of European paediatric neurosur-
geons suggested that most surgeons would only consider biopsy within the gover-
nance of a clinical trial [62, 63]. Biopsy specimens have consistently demonstrated
the H3K27M mutation, and this has led to a revision of DIPG nomenclature in the
WHO classification of CNS tumours as ‘midline glioma, H3K27M mutant’ [64].
Beyond these histone changes, several additional genomic aberrations emphasize
the molecular diversity of this tumour [65].
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In view of its infiltrative nature within the pons, cytoreductive surgery is not pos-
sible. Standard treatment involves focal, wide field radiation therapy to the pons,
aiming to deliver up to 59.4 Gy in 30-33 fractions of 1.8 Gy daily [56]. Unfortunately,
this is not curative, and the tumour recurs within months. Various chemotherapy
regimens have been unsuccessful in improving the survival advantage conferred by
radiotherapy alone. In particular, the use of concurrent temozolamide, effective in
adult GBM, has had no impact on DIPG [66, 67]. Similarly, the addition of radio-
sensitizing agents such as topotecan, or raising the radiation dose to 78 Gy, has also
had no impact on survival [68, 69]. The BIOMEDE trial offered targeted therapy
with everolimus, erlotinib, or dasatinib based on biopsy findings; no statistical
improvement in survival could be documented.

CED is a potentially promising drug delivery technique for DIPG. Unlike other
high-grade tumours, which are usually associated with some degree of BBB com-
promise, DIPG appears to be protected by a relatively intact barrier, hence the fre-
quent failure to enhance on MR imaging. Dosing of chemotherapeutic agents
administered systemically is limited by toxicity. From a CED perspective, the fac-
tors for and against CED in DIPG have been clearly summarized by Tosi et al. [70].
The tumour is located within an anatomically defined region, and lack of previous
surgery ensures that it has remained as homogeneous a tissue as possible prior to
CED. Distant dissemination is not commonly seen on MRI early in DIPG. In addi-
tion, the uniformly poor prognosis, despite extensive research over at least two
decades, may reduce the regulatory burden of new investigative techniques. On the
other hand, the diseased brainstem in a young child is potentially vulnerable to
stress and pressure, and the infusion of relatively large volumes of toxic substances
may worsen its ability to function, with potentially dire neurological conse-
quence [70].

Several pre-clinical and clinical studies have reported on the infusion of a num-
ber of drugs by CED into DIPG, including the radiolabelled monoclonal antibody
Omburtamab, interleukin 13 pseudomonas toxin, panobinostat, small molecule
kinase inhibitors, topotecan, and a combination of carboplatin and sodium valproate
[30, 71-74] (Table 6.1). Panobinostat, a pan-histone deacetylase inhibitor, previ-
ously shown to have pre-clinical efficacy against DIPG, was evaluated in rat and
porcine CED models and demonstrated satisfactory distribution without brainstem
toxicity [73]. This is particularly encouraging considering that its ability to cross the
blood brain barrier when administered intravenously is poor.

The highly complex nature of the brainstem, with its compact arrangement of
long tracts and cranial nerve nuclei, may have been expected to preclude the infu-
sion of high volumes of drug by CED. However, several studies have demonstrated
relative safety of single, prolonged, and even multiple infusions [30, 71, 72, 75]. In
the first reported CED of an agent into a DIPG, IL13-pseudomonas toxin, a chime-
ric fusion protein, was administered to a 4-year-old girl at recurrence [76]. The
infusion was carried out through a single frontal catheter, using a co-infusion with
gadolinium-DTPA, under direct MR imaging. A maximal infusion volume of
1.4 mLs was reached. A deterioration in the patient’s sixth nerve palsy improved
after 5 days of corticosteroid therapy. Although tumour progression was arrested by
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4 weeks, the child died 4 months after treatment [76]. In another of the earlier stud-
ies, and the first to use the transcerebellar peduncle route, topotecan was delivered
by CED through two catheters in two children with DIPG, following a tumour
biopsy in the same procedure [30]. CED was continued for 100 h, but did not pro-
long survival in these two patients, and although low infusion rates were well-
tolerated, high infusion rates up to 2.8 mLs/h resulted in new neurological deficits
and deterioration in the KPS scores.

IL13-Psuedomonas toxin was also administered by CED to five children with
DIPG through a single catheter in a single-institution phase 1 study [72]. Most gli-
oma cell lines are known to overexpress IL13 receptors. In this study, it was hypoth-
esized that Pseudomonas exotoxin is internalized by cells expressing IL13 receptors,
which will lead to inhibition of protein synthesis and apoptotic cell death [77].
Complete tumour coverage was not obtained in any of the five patients. Two patients
demonstrated short-term radiological benefit, with temporary arrest of disease pro-
gression. Two patients reported transient cranial nerve deficits and lethargy.
Progression was radiologically evident by 12 weeks after infusion [72].

Outcomes of a first single centre phase 1 dose-escalation trial using CED of the
radiolabelled monoclonal antibody Omburtamab were reported in 2018 [71]. This
antibody was radiolabelled with !>*I; it targets the membrane-bound protein
CD276 (B7-H3), which is overexpressed in DIPG and other paediatric brain
tumours. Eligible patients were 3—-21 years of age and had completed radiotherapy
between 4 and 14 weeks before enrolment. In this way, changes in the tumour
evaluated over a 30-day follow-up period were unlikely to be confounded by
ongoing disease progression. Seven dose-escalation cohorts were planned, with
the primary end point being the maximum tolerated dose. A semi-flexible catheter
was inserted using the ClearPoint system, and '*I—Omburtamab was infused in
an intensive care environment. The prescribed dose ranged from 0.25 to 4.00 mCi,
using an infused volume of 240-4540 pL at a rate of up to 7.5 pL/min [71]. The
half-life of %I is 4.2 days, and therefore, as a true theranostic agent, is able to
delineate drug distribution for several days, both in the brain and systemically, on
PET imaging.

Twenty eight children were enrolled in this trial. No dose-related toxicity was
observed, precluding the identification of the maximal tolerated dose. Only one
patient developed treatment-related temporary hemiparesis. Estimated volumes of
distribution were measured using MR and PET imaging and ranged from 1.5 to
20.1 cm?, with a Vto V, ratio of 3.4. The distributions as measured on T2-weighted
MRI and PET were not identical; distribution lasted for a longer period of time, up
to a week, on PET imaging, and the V; measured on PET was lower. The lesion to
whole body ratio for the absorbed dose of radiation was higher than 1200. Although
the authors emphasize that the purpose of the study was not to evaluate impact on
survival, the median overall survival rate was 17.5 months, with 58.5% survival at
1 year and three patients surviving for more than 3 years [70, 71]. It is also impor-
tant to note that at 30-day follow-up, 71% of the patients had performance indices
identical to those at recruitment. In subsequent work, the authors have infused up to
8000 pL, obtaining volumes of distribution up to 35 mLs [70].
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Seven of these children, who did not develop any evidence of tumour progres-
sion or toxicity within 30 days, went on to have further infusions of the same agent
[78]. Six underwent a second infusion, and a seventh underwent a second and a
third. Different entry sites and catheter trajectories were used. The distribution vol-
ume was not compromised on sequential infusions; in three patients where the new
catheter tip was within 15 mm of the trajectory of a previous catheter, leakage of
some of the infusate into an earlier track or injection site was noted. No significant
adverse events were recorded.

A recent study has reported on a series of children who underwent CED with
carboplatin and valproate for DIPG using a drug delivery system that allowed
repeated infusion along four catheters [75]. All patients were treated on compas-
sionate grounds after DIPG recurrence. Thirteen children were treated between
2017 and 2020. With the exception of two patients who developed persistent sixth
nerve palsy, requiring reduction of drug concentration, all other adverse effects
were transient. The four catheters, two frontal and two transcerebellar, were inserted
stereotactically and positioned to optimize coverage of the pontine tumour, cen-
trally and laterally. Infusion rates were started at 0.03 mL/h and increased incremen-
tally to 0.3 mL/h. The side effect profile of each catheter was determined on the first
infusion; the group developed the Pontine Infusion Neurological Evaluation (PIINE)
score which defined the potential adverse effects of each catheter depending on its
anatomical location [54]. Typically, infusions along the catheters were continued
until the expected side effects occurred, at which point the infusion was discontin-
ued. In this way, the maximal tolerated volume was infused every time. Infusions
were repeated every 4—6 weeks. Infusion was commenced within 72 h of implanta-
tion. Infusions through three or four catheters simultaneously at rates of up to
3-5 pL/min were better tolerated than infusion through one or two catheters at
higher flow rates. The estimated distribution was up to 30 cm® per day. Children
were typically discharged within 24 h of finishing the infusion [75].

Baseline performance status was maintained in all patients up to the time of
tumour progression. The median progression free survival was 13 months. The
median overall survival was 15.3 months, with three out of the 13 patients alive and
independently ambulant at the time of reporting. The last five patients received what
the investigators considered as the optimal combination in terms of drug dosage and
delivery; their median overall survival was 17.9 months at report [75]. This case
series shows interesting preliminary activity which needs confirmation in a prospec-
tive clinical trial.

Several issues with regards to CED in DIPG are still unclear. None of the trials
to date have advocated a biopsy in addition to CED. There is concern that a biopsy
needle track may divert drug infused by CED and compromise optimal coverage of
the tumour [79]. Frontal catheters are considered essential to ensure satisfactory
tumour distribution and are positioned along a trajectory towards the long axis of a
DIPG,; they are therefore likely to interrupt the corticospinal tract. A study evaluat-
ing catheter position with corticospinal tractography, however, showed that catheter
transgression of the tract and its incorporation in the volume of distribution only
rarely resulted in a neurological deficit [80].
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As DIPGs, like other infiltrative brain tumours, are already hyper-intense on
T2-weighted MR imaging, the extent of tumour coverage during CED is difficult to
determine. One case is described where ICOVIR-5, an oncolytic virus, was con-
fused with Gd-DTPA [81]. This showed a satisfactory volume of distribution of the
combined solute, which was completely washed out by 30 h. The authors emphasize
that the duration of distribution is unrelated to the duration of the tumour’s exposure
to the virus, or indeed of any other drug, which is determined by the agent’s specific
cellular affinity, rather than by the continued association of the drug with Gd-DTPA
[81]. In addition, as it is a relatively small molecule, Gd-DTPA may overestimate
the distribution of a therapeutic agent [19].

The deformational changes in the brainstem caused by infusion of fluid into
DIPG have been investigated [82]. This is particularly concerning, as the volume of
distribution within the pons is greater than the volume of fluid infused, and any
increase in pontine swelling can potentially worsen obstructive hydrocephalus or
increase pressure on tracts and cranial nerve nuclei. Twenty three children with
DIPG underwent volumetric evaluation of the pons and lateral ventricles pre-, 1 day
post-, and 30 days post-infusion of a single dose of radioimmunotherapy. With a
mean volume of infusion of 3.9 mLs, pontine volume increased by a mean of
2.5 mLs on day 1 post-infusion and tended to return to baseline by day 30. Lateral
ventricle volume remained a mean of 5 mLs higher at 30 days compared to pre-
infusion. None of the patients required a shunt within 90 days. The infusion volume
had a weak positive correlation with the volume change in the pons and lateral
ventricles, but changes in pontine volume did not relate to neurological deficits [82].
This study also suggests that an increase in pontine volume in the first month after
CED is expected and not representative of tumour progression.

Oncological applications of CED in children are likely to extend beyond
DIPG. Other tumours, such as thalamic, hypothalamic, and other midline high-
grade gliomas (HGGs), as well as cortical ones, are sometimes not completely
resectable. CED applied to unresectable components, either at recurrence or even at
their primary presentation, may become a realistic option. Safety concerns and drug
toxicity related to the eloquence of the brainstem may be less significant for tumours
in these locations and therapeutic windows for supratentorial tumours may be wider.
For example, pre-clinical evaluation of doxorubicin in mouse models of brainstem
and thalamic HGG demonstrated that the maximum tolerated dose when infused to
the thalamus was ten times that in the brainstem, allowing an effective dose to be
reached in the thalamus but not in the brainstem [83].

CED has been evaluated extensively for adult HGGs and it is likely that some of
these findings are translatable to some paediatric tumours. Glioblastoma multiforme
(GBM) represents the commonest brain tumour in adults. Although there has been
some progress over the last 10 years, its prognosis remains poor, with a median
survival of up to 2 years [84]. Jahangiri et al. and Ung et al. have recently summa-
rized some of the most relevant clinical and pre-clinical studies related to CED for
GBM [49, 85]. Cytotoxins such as pseudomonas exotoxin targeted towards cell
surface receptors that are overexpressed in glioma cells, such as the TGF-alpha,
CD155, and IL4 receptors, have been used in phase I and II trials [86]. Topotecan,
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gemcitabine, and carboplatin administered by CED to animal models showed better
survival than controls [87, 88]. Bevacizumab administered by CED increased sur-
vival in an animal model over intravenous bevacizumab [89]. Fourteen clinical trials
undertaken between 1997 and 2010 used conjugated toxins specifically taken up by
glioma cells or chemotherapy agents that do not cross the BBB [85].

A notable improvement in a recent study was the inclusion of MRI-localized
biopsies to allow study of the effects of drug infusion, in this case topotecan, on
tumour cells and their microenvironment [50]. In addition, the importance of mea-
suring neurocognitive function and quality of life after CED in recurrent HGG was
underlined in a study on 16 patients who underwent single dose topotecan CED;
most patients demonstrated stability on the Cognitive Stability Index and SF-36
over a 4 month follow-up period [90].

6.4.1 Reflections on CED Trial Failures in Oncology

CED should in theory be very effective treatment, yet the impact of CED in clinical
trials has not been clear. Although these trials demonstrated the safety of CED, and
many also showed some therapeutic efficacy, such as significant regression of recur-
rent GBM, overall success has been limited [48]. The translational model from ani-
mal to clinical studies, progressing from single to multiple to prolonged infusions,
is well-illustrated by the long-term infusions of topotecan described above [49, 50].

One of the key issues related to trial failures in CED is catheter target accuracy
and predictability of drug distribution, as shown in the phase III PRECISE trial,
where IL 13-Pseudomonas exotoxin was delivered for recurrent GBM [91, 92, 93].
In this trial, fewer than half of the catheters had been optimally implanted, and
although more accurate catheter placement correlated with a larger volume of dis-
tribution of agent, the coverage of the tumour was still low [92].

Another source of error, seen first in pre-clinical studies of gene therapy for
Parkinson’s disease, is the presence of perivascular spaces in the basal ganglia that
divert the infusate away from the target [94]. Delivery platforms that allow real-time
imaging, or the ability to change volumes in subsequent infusions, should mitigate
against this problem.

Particularly in the context of chronic multiple infusions, it is essential that cath-
eters are also placed in the periphery of a tumour, or where tumour recurrence may
be expected. Attention to detail is required across a range of variables that also
include the molecule, solute, and the histo-architecture of the target not just in the
acute phase, but also in the longer term healing phase. This suggests that optimiza-
tion of distribution needs to be tailored to the patient and to the catheter, as well as
to the time from implantation, and the stage of the disease process. It is unlikely that
a standard infusion regime will ever lead to an optimal distribution in all patients.
For example, in a resection cavity, it has been shown that the catheter tips should be
positioned 2 cm from the margin, in the direction of anticipated tumour progression
[95]. Multiple catheters should be at least 2—4 cm apart and should avoid proximity
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to the ventricle, subarachnoid space, and areas of necrosis or cystic degenera-
tion [48].

The optimization of CED is a long translational process, which combines first
principles and empirical pre-clinical, in vivo, and clinical evidence. Use of tracers is
essential to allow optimization of coverage, and newer techniques using MR spec-
troscopy or PET imaging may be helpful.

Some mathematical models have been successful at predicting infusate distribu-
tion and coverage. These MRI-based models first identify fluid-filled cavities and
surfaces, and using infusion volume, rate and catheter diameter calculate the extent
of backflow and distribution with particular catheter positions [95]. The addition of
diffusion tensor imaging has been useful [96]. More complex models have evalu-
ated additional variables, including protein binding, cell uptake, and drug metabo-
lism, as well as tissue permeability and drug diffusivity in different directions [97].
It is likely that a more refined understanding of the nature of interstitial fluid flow
and bulk flow within the brain parenchyma, including that in the perivascular and
perineuronal spaces, along white matter tracts, into the g lymphatics and along the
meningeal layers is essential for optimization of CED [11].

Validation of the extent of drug distribution, at the correct dose, throughout the
whole target volume is essential for a reliable assessment of outcome. Failure to
cover the entire tumour leads to resistance and recurrence. In the study on CED of
iodine-labelled omburtamab for DIPG, even in a small number of patients, the vari-
ance in tumour coverage was between 25 and 96% [71]. In addition, dosimetry
considerations are site-specific. Pre-clinical studies have shown that agents such as
doxorubicin are more likely to cause adverse effects when injected into the brain-
stem in DIPG animal models, rather than into the thalamus in similar HGG models;
the dose tolerated in the thalamus was ten times higher [98].

The choice of drug is also relevant. A CED study using paclitaxel delivery to
GBM was limited by toxicity [99]. Paclitaxel targets tubulin, stabilizing the micro-
tubule polymer, in this way preventing cells from undergoing metaphase during
mitosis. As microtubules are also required for nutrient transport in all cell types of
the brain, paclitaxel delivered by CED also damages non-tumour cells. In contrast,
topotecan, by binding to the DNA—topoisomerase complex, only affects dividing
cells and is therefore expected to be safe and tumour-specific in the low replicative
environment of the brain. Topotecan use for GBM has historically been limited by
its poor BBB penetration and severe systemic side effects. Similarly, carboplatin,
also used in CED, binds to DNA and inhibits successful replication.

The use of combined systemic treatment for tumours that may spread early
beyond their local confines in the brain or brainstem is an important consideration.
At the time of autopsy, up to a third of DIPG patients had leptomeningeal disease
and a fourth had disease outside the brainstem [100]. However, this does not mean
that local therapy such as CED is not useful. Focal radiotherapy has been the main-
stay of treatment for DIPG for decades and is the only treatment modality that has
improved survival. Focal surgical control, whenever possible, remains the first treat-
ment to most brain tumours in adults and children. This suggests that the combina-
tion of a local with a systemic or CSF-delivered approach will need to be explored
for DIPG.
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6.4.2 New Trends and Opportunities in Neuro-Oncology

The combination of drugs with nanoparticle vehicles provides novel opportunities.
Nanoparticles are typically 60-180 nm in size and have been investigated mostly in
the context of GBM [101]. A size of about 70 nm appears to be ideal for delivery
within the tumour interstitium [102]. Nanoparticles may promote drug retention in
tissues, enhance accumulation of drug in specific regions, shield drugs from degra-
dation processes, improve long-term and controlled release, and reduce toxicity to
healthy tissue. Drugs that were previously deemed too toxic, insoluble, or chemi-
cally unstable may potentially be re-explored in combination with nanoparticles
[101]. Successful delivery with nanoparticles may reduce the need for repeated or
prolonged infusions. Liposomes, micelles, and polymeric nanoparticles have all
been used in combination with CED [103].

Poly(lactic-co-glycolic acid) (PLGA) nanoparticles have been approved by the
US Federal Drug Agency (FDA) and were used in a study evaluating its combina-
tion with carboplatin in rat and porcine CED models, as well as in glioma cell lines
[104]. PLGA is biodegradable and breaks down into its natural metabolites lactic
acid and glycolic acid. The study demonstrated that the combined drug provided
greater tumour cytotoxicity and increased the tissue half-life of carboplatin.
Similarly, PLGA combined with camptothecin and delivered by CED into rat mod-
els of high-grade glioma led to improved animal survival [105]. Camptothecin was
present in tissues harvested 53 days after infusion, suggesting that this long tissue
half-life may maintain exposure to the drug and potentially reduce the need for
repeated dosing [105]. Nanoparticles may also support tumour imaging. 10 nm iron
oxide nanoparticles conjugated to an antibody specific to the mutant epidermal
growth factor receptor found on human GBM cells not only showed good efficacy
against the tumour cells in vitro and in mouse models, but also allowed tumour cell
and agent tracking by MRI [106].

Peptide-based nanofibres represent a new type of vehicle which are amenable to
bind drugs and be infused by CED [102]. These carriers can be synthesized homog-
enously in various sizes, have a hydrophilic pegylated surface, and are, in addition,
negatively charged, supporting more widespread parenchymal distribution. In a
detailed evaluation, NFP-400 demonstrated the ideal size for wide convection, with
a V,to V, ratio of 2.47, and reliably formed a sphere around the tip of the cannula;
in terms of its clearance from the infused parenchyma, its half-life was calculated at
25 h. The larger NFP-1000 had a longer half-life, up to 42 h, but its large size meant
that its distribution was poor, with a V,to V; ratio of 1.07. The smaller NFP-100 had
a shorter half-life of about 18 h, but distributed effectively along white matter tracts,
potentially making it the vehicle of choice for tumours infiltrating white matter such
as DIPG [102].

Genetically modified T cells that express chimeric antigen receptors, CAR T
cells, are now considered an important component of cancer immunotherapy and
have shown remarkable success in the treatment of haematological malignancies.
Radiological regression and increased survival have been demonstrated with CAR
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T cells in GBM, and a number of trials are currently underway [107, 108]. In one
reported case involving a patient with diffuse recurrent GBM where the radiological
and clinical response persisted for 7.5 months after initiation of therapy, CAR T
cells were administered by direct intracavitary and intraventricular infusion using
separate catheters [107]. CAR T cells have also shown efficacy in mouse orthotopic
xenograft models of H3-K27M mutant paediatric diffuse midline gliomas [109]. In
an animal model of xenograft atypical teratoid rhabdoid tumour (ATRT), CAR T
cells delivered directly into the tumour and CSF showed significant benefits over
cells delivered intravenously, with higher potency at the tumour and lower levels of
peripheral inflammation [110]. However, the delivery of T cells by CED is challeng-
ing. Long delivery times inherent to CED lead to sedimentation of the T cells in
their saline medium. The use of a low viscosity hyaluronic acid-based hydrogel
carrier prevents sedimentation and allows homogenous delivery of T cells that
remain viable and active on deposition [111].

6.5 CED for Neurotransmitter Deficiency
and Metabolic Disease

CED also provides an opportunity to deliver gene therapy to targeted cells within
the brain. Currently, gene delivery to the brain requires packaging of the DNA or
RNA within an AAV vector. This is a small non-replicative non-pathogenic virus
that lacks an envelope and adheres to the target cell membrane through heparin
sulphate proteoglycan receptors. It then undergoes endocytosis, with transport to
and release of the genetic material at the host nucleus. There it forms an extra-
chromosomal episome and enables the host cell to translate its nucleic acid on a
long-term basis. It can also integrate within the host genome at specific sites, as in
human chromosome 19. The absence of most viral proteins prevents an inflamma-
tory response to the virus. Although small, the 20 nm AAV does not penetrate the
BBB when administered intravenously. Pre-existing humoral immunity, thought to
be present in 32% of the population, may also prevent the virus from surviving in
the circulation [112]. When given through the CSF, it is unable to penetrate the
ependymal barrier. CED is therefore an effective way of transporting it to the brain
parenchyma [113].

Different viral capsids allow anterograde or retrograde transport along intercon-
nected circuits in a serotype-specific manner [113]. Transport to diffuse cortical
regions after CED to the thalamus in non-human primates has been explored [114].
Barua et al. were subsequently able to demonstrate in their swine model that CED
of AAV vectors into the white matter leads to specific and effective distribution into
the overlying cortex [115].

A number of trials using AAV vectors are currently underway and include stud-
ies on Parkinson’s disease, mucopolysaccharidoses, AADC deficiency, and
Alzheimer’s disease. In children, AAV2-AADC has been administered to
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AADC-deficient patients. AADC is essential for the production of dopamine and
serotonin from levodopa and 5-hydroxytryptophan, respectively. Children with
AADC deficiency typically have a life expectancy of up to 7 years and present with
movement disorders (hypotonia, hypokinesia, and dystonia), recurrent oculogyric
crises, and autonomic dysfunction [116]. An early study involved infusion of
AAV2-AADC into the putamen in ten children [117]. Although this did lead to an
improvement in motor scores, the poor retrograde transport of AAV2 from the puta-
men to the substantia nigra and ventral tegmental pathways, where most of the
dopamine is produced, compromised the benefits of this approach. A current trial is
exploring the benefit of direct injection into the substania nigra and ventral tegmen-
tal areas and hopes to replicate the high AADC expression in the nigrostriatal and
mesolimbic pathways which has been shown in non-human primate studies [118].

The mucopolysaccharidoses (MPS) are a group of rare monogenetic lysosomal
storage disorders, caused by mutations in genes encoding proteins necessary for the
breakdown of glycosaminoglycans. As a result, partially metabolized substrates
accumulate in tissues, leading to widespread pathological effects that, in some, also
include the central nervous system. MPS I (Hurler), II (Hunter) and IIIA and I1IB
(San Filippo) involve the brain and are associated with progressive cognitive decline
[119]. Bone marrow transplantation is effective at reducing only the systemic effects
of MPS. Intravenous enzyme replacement does not cross the BBB and also has
minimal effect on disease progression in the brain.

One of the earliest trials of CED in MPS was in Gaucher disease, due to gluco-
cerebrosidase deficiency, where intravenous replacement of the enzyme had no
effect on the neurological component of the disease [120]. CED into the frontal
white matter in rats and subsequently in primates showed satisfactory activity of the
enzyme in neurons throughout the infused frontal lobe and pons. This was subse-
quently replicated safely in a patient [121].

The MPS are considered ideal for gene therapy, as only one, known, gene is
involved in a metabolic process that is well-understood and has been replicated in
animal models. Lysosomal enzymes also transport well along axons and across syn-
apses [122].

The injection of AAV vectors by CED has been investigated in MPS IITA. In one
trial, four MPS IITA symptomatic patients, aged between 32 months and 6 years,
underwent bilateral CED with an AAVrh10-based vector, using three hemispheric
white matter trajectories on each side [123]. One-year data confirmed that the pro-
cedure and the vector were well-tolerated, with stabilization of brain atrophy on
MRI in some patients. A larger phase II/III trial is currently underway.

6.6 Conclusion

The potential to deliver large molecules directly to target areas in the brain has
developed enormously over the last 20 years. This has required collaboration across
multiple disciplines, with most successful CED projects progressing through a
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common pathway starting with identification of a promising agent, pre-clinical test-
ing in small and large animals, and finally the multiple phases of a clinical trial to
establish dosimetry, safety, and efficacy. Neurosurgeons have a unique practical
understanding of the physiology and tolerance of the brain and have been intimately
involved in this journey.

Further refinement of this process is necessary if clinical trials in CED are to
become more successful, with continuous optimization of technology as well as
prediction and visualization of volumes of distribution. A clear and well-defined
roadmap, which could allow agents to be evaluated through a trusted delivery sys-
tem, could accelerate the regulatory processes and ensure that successful agents can
be made available to patients in a timely manner, particularly for diseases where no
treatment currently exists, such as DIPG.
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