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Abstract

Delivering drugs to the brain to treat degenetaithe deseabisre is challenging because of the
blood brain barrier, which acts as a filtration systen¥poéVarge)gharap@atic molecules from
entering the brain from thdilgtmchastudy, delivering drugs directly dinroalihiciplanted
catheters inserted deep into the brain, formed the basis of this peopdistiteusioordatal long
from this clinical study provided thehigrestiarchbf

Surgical planning guidelines were createcdewich gpevtific, numerical values to optimise retet
of infusate within target neuroanatomy.

Optimisation of these implanted catheters was assessed through device characterisation, n
development of miniaturised deliveny syarastigations and the creation of a finite element r
of infusions into pbraidnatter.

Despite dissimilar mechanical propertiesgarbssgsshgesripermeability gptatal

properties aeenposite hydrogels for the characterisation of a rénested ptepneattseter.
varying catheter features and infusion regimes identified significant changes in the distribut
fluids which praigeitnrough porous s\ shathesasgelthe brddy. djusting the catheter step length
and peak volumetric flow rate, optimisation of implanted catheters could maximise coverag
anatomy.

Gliosis around the implanted cati@part@hasaa result of the immune respomsghto injury. Th
experimentajlmsis watsownoto bexacerbated by intermittentThiesiensof injury during
implantatjglays a greaterGbbnges in clinical infusion dideilnstimayatve been linked to
observations of lower gliosis levels around the same time as test infusions occur clinically (
Longer recovery periods could provide improved reliability of tsstamiescob tettirfgrm
prescriptions for extended infusion regimes.
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Glossary

Backflow
Firstnrman

Glia Limitans

Intraparenchymal

Intetgial

Locally advanced
Metastasis
Neuroglia
Parenchyma
Penumbra
Reflux

Solute

Solution
Solvent

Se&dsNeoy[1U
Seminary use of a technology or pharmaceutical in a human subject

A naturally occurring boundary within the cortex which limits the development of gli

cells beyond the cortical layer of the brain

Within the body of ajmathemnthe context of this thesis this predominantly refers

to the brain

The space between ttedlspntext of this thesis this refers specifically to the space
béween cells in the ls@en tis

Spread of cancer to local, surrounding tissues
Cancer which has spread from one organ or place of the body to another

Aside from neurons (the cells which carry nerve impulses) these cells are the mos
prolific vinin the brain and are responsible for homoeostasis and immune response
to injury/ insult

Théunctional tissue within on ofgastyof the

In the contexneluaologittahour, it is the area of tissue which immediately
surrounds thmour mass or resection cavity following surgery which is most at

risk dbcal advanceonesniisimgetastasis

The undesirable backflow of fluid around the exterior face of a catheter positioned
the brain tissue (not a cavity)

Asubstance dissolved in a solvent

Solvent + Solute = Solution

A fluid into which a solute can dissolve
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1 Introduction
The brain is arguably the most important of our organs. Whether it is the autonomous regula

to lift a coffee cup at the start of the day, the brain is involved in all aspects of consc@mus ar
anl deed.

Keeping it healthy is therefore paramount, and when disease or infection arise, it is desirab
sfwiN re [rBrwiédft ws srrr ws 1rssdmIN S

The consumption of @digsate illness, whether as a tablet or injection are now comthenplac
nrfrfNg rNnOpPW drrs B 0w woxygendamaetbngol canien
the cerebrospinal fluid within(tiandiaa a).2016; Kumpul&nheh2007)jargenacromolecules ar
prevented from passing from the blood intabtbedairbpanger. (BEBxtursl occurring filtration
systemas discovered when neurotoxins wezetstigia oaaifwhen injected directly intsstres br:
and not when delivered sydtemésaligwsky, 19885 not until the late 1960s that the barrier was
the tight junctions betwaetiamedis which line the blodteesssahal Karnovsky,HEOBBBaiseful
featarin nature to protect the braintiratmtighinbe ingestduefemironment, but problematic in t
of pharmaceuticals where man made drugs are too big to pass into the brain freely. Plie BB
of systemicathvdred drugs from enterin§Stoeknagtia).2013)

Technologies ifotimeahedical devicesd in timnsfer of these macromolecules to the brairetisst
fewand far betwaespite a cleaansesbimerousedicabnditianShildren with brain stem tumours ¢
to have a shoexfectancy following diaggthais gurvidalonti{Singleteha).2018and the burden o
[NfBraNGENINBY[ 61N nodsNwsNs (yuwsl ¢ srisgitlipe
with the global population and improved registration in less developed countries.

(ne of the key chaltertgesting neurological conditions therefereoraemgitise BBB to deliver d
directly to the site ofSwtiom technique was describd®@Dshieynaidjroup investigating ways of i
dispersion afdiuring injection into the bfaobassyid 994%low injection flow rafedu(0rin) were
used to gradually increase the local hydrostatic pressure to push fluid radially away from the
termed conveetibanced delivery (Q&Dypwettame the issues of backflow (reflux) along the catt

was prevalent in previous injection studies.

Since 1994 however several high profile clinical trials failed to meet their clinical outcomes
CED as aagagm for the treatment of neurolo@jicebtade2(@S3; Larign).2006; Kunataa] 2010)

While poor drug efficacy could not loowpdstudjds repeatediytistiosuedessful delivery of the |
to the target region of the brain wagMoeletial/2011; Sampsdn201@uggesting that improv

technology for single and repeated delivery may yet provide a pathway to treating these det
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The authformed partofi@boration between academia, industry and healthcare to createca novel system for tt
injection of drugs into the tissue of the brain, and resolve limitations in the technology seen in previous drt
failed to mbeir goalie development of the system is beyond the scope of this thesis, though is detailed in n
ceauthored publications.

LON nBf E NNLOLNBEL Sts/ NI NMNUNLrYINR Jwss fsNn o
were enrolled to receive monthly infusions of a protein, directlynotohthein braihs fer dféhalting, and

possibly reversing the symptoms of thdiirglisesmstully af not only this technology, but also the method

of ntermittently infusinghbuithinto the tissue of the brain, this represented a unique opportunity to evaluate

optimise chronic, intermittent delivery.

The aim of this thesis was tointgigieetitite device related data frastutheaniichidalstlafegies for
optimising distribution of drugs into the brain tissue to maximise the likelihood of drugs producing clinical in

in diseased patidotsire studies
The objectives of the project were;

- To collate deviced@atibution data from Himerfasstclinical study to form a baseline of intermittent
delivery performance

- Critique the methods used to deliver drugs intermittently and identify opportunities for improvements,
to device performance

- Reiew the current choice of materials used in the production of brain mimics for opportunities to im
reliability of evidence generated on dexeerpatboratory evaluations

- Implement a parametric study of the recessed &iegrcatlueteratgsmbaseline performance when
the device features are ondkdiddvice is used with differing, clinically useful flow rates

- Create a finite element model of the device and infusions to describe the meahanical strains prese
implanted catheter

- Evaluate the immune response to intermittent infusions through an implanted catheter

- Combine learning points from all studies into a series of surgical guidelines for improved likelihood of

performance during rageatattent infusions in the brain
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2 Literature review

2.1 Anintroduction to the field of direct delivery of therapeutics to the brain
Thighapter contains work previously publishechelitiiuthscieMzhods review afffwienic,
intermittent convectio® W n N n (hewis ¢tpln2O6) NN O N NS

Thehealthcare and kodian of nelegeneration andonealagy is large @aedsimg. Global figures ;
difficult to ascertain as poorer nations have inadequate methods of identifying and dissem
with over 4.6 million patients identified WigisBaski{B@) in the top 10 populafatieaestiesnd in
excess of 20 million with Alzhesa@éowadt a).2013; Dorsteg).200There is a clear need for a trea
option capable of delivering therapeutics to the tissaes affeetet byolbgs=al conditions. Furthe
burden models predicted that PD cases wili2foybirswithite b z0eksemse may triplev{fibr)

by 204Qopez, 2011; W.H.Q.TR@OG)II place a very high demand on healthcare resources all

Delivery of medicines to the body is usually accomplishedvhsoutdr giNd) administration. The:
place active molecules within the bloodstream which are then indiscriminately transported
vascular system. Vessel walls are lined withvehidbtlaedgboedisiyjtinctions. Within the brain,
these tight junctions which permit the transfer of oxygen and nutissoisstaubalsor respdimsg)bl
for preventing the migration of large therapeutic molecules to aréafilatigoteddiywdrkgaseedis
brain from injected poisons and atigestiigetise environment and is termBdaiheBRivied (BBB)
(Bauet a).2014l is the BBB which prevents oral or IV routes of administration from being vi
as <U of systeatlicadministered drugs readlstoekireiia).2013)n order to acthievapeutic levels
in the target tissues, it would be necessargyetealivatyduadselevated levels that they becorr

the other tissues of the body.

Bypassing the BBB and directly injecting therapeutics intthth@dezgehyissuesappotinesised

alternative.

Cannudplaced into the brddiadiver thexafdsy displacing the interstitial fluids between the cells
flow throupgporousrain tissées the brain tissue is soft, it is the sealing force against the cannt
the fluid in the tissues around the inj@&&ibit sits sdwn that injection was an inadequate me
as the flow rates used were routinely too ghusesianjdetbded the sealing pressure and ref
along the cathetefBoded a).1994)f injection rates were lovweesduaaddally increased to min

vasogenic oedema, fluids would convect through the porous substrate from a point source.

Page?9 0f194



Cannula/ Catheter

High concentration
region associated
with CED

Limited lateral
distribution
associated
with bolus
injection

Concentration

Distance from catheter

Figur@1 Graphic depiction comparing the distribution associat&shhatic€oeloteny (CED) and
bolus injection (reproduced and m@difredThmmas and LindN2dd that the region of high
concentration has spread laterally a much larger distance from the catheter than simply injecting a bolus w
hallmarf CED.

Gonvection dramatically increased the radial concentration of therapeutic macromolecules in tissues away fr
siteKigural) (Bobet aJ.1994; Morrestogy.1994T his method was termed EmingeatexhDelivery (CED)
andtremains a popular term for this paradigm for research.

Translation of CED iittthvatimot drdgelow, bust@andard treatniech indicatessbef CED does not
currently exist. Despite posiingesmittal anineslear@Bastt a).1996% well as investigatinitan
ledunblindestidieshumariillet a).2003; Sleatira).20QFatelt a).201Fprmal, blindédicatials

have failed to megprthiiry endpdgiraagt a).2006; Kunetan).2010Ashe system is considered a
combination therapyhiitéi@ates, no translation through trials to market of ayebdmaladinesetias

Retrospive investigationsd that overly ambitious sthdyhéesigam expected placelabheffectarget
accuracy and predictability of sietributiajor factéaging to achieve successful(duteitartes .
2011; Samps@h.2010)

Figure-2 Device design groups used in CED studies (left to right ); Ené*éri€ @amunialP dtalts
Tipped Catheters, Balloon Tipped Catheters and Steppéudyefiep@athetsrend modified from
(Debinskind Tatter, 2009)

Recent improvements, notably to the delivery platform, have reinvigorated the application of clinical CED wi
studiesgistered in ROlkicalTrials.gov, 20pl)vements in cannulaésahetisogrogressed in parallel
to these studies, incorporating features aimed atinoiodro$ire]lEp(ligd). Ony a small number of
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devices have been commercialised adoightakdmitey performance when usearingiplés of CED
(Bradgt a).2014; Richaretsaii®11)Progress in this fieldefiae tfomused on acutéesnshdusions.

a) b)

T

C)

d) e)

Figure-3 Infusion profilesimiplend port canfstiinless steel hypotube] which experience large
characterisfasb) and improvefraoritrol and predictaisbiiple through introduction of a reflux int
featurstepc, dlimages reproduced and moqKiedif® et al., 26DB)RI intervert®martFlow
cannulecommercial embodiment of the stepped.profile cannula

Acute devicedobathade from stiff, ceramic tubes to aid their stebedtemtalatlamrynsuitable fol
long term implangetittrey do not comply mathettmenbiain tissddis has been shown to have det
effects on the sealamgaaotind the implanted cannula during long term (GuarftoariinGanens ar
Jallo, 2008}iftannwdaould induce significant trauma if left in place after the patient was rec
anaestheB@atures such as increases in diameter (steps) are ititiogEss gexkim dhereasy point
at the skull surdeakiarget accuracy atoiradseatiee radial compression from surrounding tissue:
the liklood of refhecurring during delivery when aihgyarethéter déSmn@3& Figur24).

—_—_ﬁ € —
M I Step

Catheter Body/Shaft Bullet Nose

Micro-fabricated Tip with 2x
independent channels

Figur@-4. Alcyorigesciences MIEMS catheter design, commercially available twin bore cannul
infusiongBrady ak, 2014)

Polymeric designs which are more pliable are better suited to longer tetditiomalosuiaipont fiutrig
delivertyp aclve target accuwhmh is typically achiewaidfgitide r¢@dlet a).2003; Gatl a).2013;
Rosenbletta).2011)
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ﬁ
/-q?: —
Outer Guide Tube
_—‘“/
{ !\ Catheter
Inner Guide Tube

Figure@5 Assembled catheter design with a reflux inbibiteegSedtst@pages reprodaned
modified from Gill et al. 2013

Tissue plug within recess

Implanted catheters also incorporate stepped and recessed lixeifitexd tof mafixisentdugh little
information is available on th@orahterpgrformariGdlet a).2013)

The integrity of neural tissue following long term deliverychastibédeleovaeneatiynmunohistochemical

analysis of the first (available) subject to receive continuous infusion of GDNF into the brain using an imp
showed evidence of clinical improvement, but local toxicity, likely asiectesulabbpahtrsoprotein

(Lovet a).2005; Bagtia).2013c)

Chronic, intermittent delivery could be useful to treat a reonditofissgupotogical s diseagest @ N ¢ 1 N B U ¢
y we l disea@ilet d2002ndsaucher Disgaseset a).2005and evesat traumatic spinal injuries.
Repeated infusions could maintdavedteedtdtbrapeittim a target tissue, where it is quickly cleared or

metabolised (e.g. chemotherapy).

The application of chronic @Eenageful in the treatbram tumours such as Glioblastoma Multiforme
(GBM) and Diffuse Intrinsic Pontine Glioma (DIPG) tumours, targeting strategies will be key to place long te

in areas of likely recurrence.

Novel, chronic systems will providgtdinicipgsyme [ Nporr 1 r et U [ [ BNwl 1 wf
industwyitra new platform to develop thBrapdatiosy the knowledge of this niche has been hindered in part by
the lack of commercially available chronic CED sydirital te@sealetiake

Renishaw PLC is undertaking the development of a chronically implantable catheter system based on the

cathetérigura5), which will provide a means of administering therapeutics intermittently over several years.

2.2 Mathematical and computational npodellsfiavithe brain
To understand how to optimise the perfaemanodwéllongcatheters, this sectiqqublilhredielata
tounderstand the mechaliitra®nf convepoooys flow thiathodelling of CED catheters.

Page32-0f194



Within the medicatifigftkelivery encompasses a wide range of mmesatmnéctt pamgdifyonctepive
and intravenous injection to inhalation systems (e.g. astfutiagpoips)aasdegi@Carmustine [Gl

wafers), among numerous others.

In the context of drug delivery directly to the haaie cindreraresntal factors which define the st

the travel of the molecule within it.

For products such as the, dnigahetfiz)iddel®) wafers described above, diffusion is the domir
for drug dispersal. The pantigle fldx( w s [ ms [ Equati@d) linksng thenlivedr distapce
from a starting point of a particle through a substrate b#ssenr[2) dgiffdsianrabal congéickatior
1855)

Equatichl T

Where the substrate is homogeneous, a constant diffusion coefficient can be used. Wher

substrate tortuosity (hindrance to the travel of the iEysati€rzcarkbewsed to determine the
tissue diffusion tenspby8lglova and Nicholsan, 2008)

Equatid2 < yl
Where empirical data is acquired through axgp¢hnendistatice travelled by the infusate from ar
over time are kityuati@Bmay be used to determine the difffaltamtans@anol)

Equatidi3 T < ﬁ—w

Where D is the free diffusientcoktiieimolecule it isatetance from the sdlicérard

Medical devices employing diffusion alone limit the extent and clinically relevant concentre
immediately around the(Bupking).1994) reatment efficacy is sigrdfioanished for drugs with s
haHives, or where the diseased area extends beyond a few millimetres (such as the pen

srrné¢férrs sfnpo ws ywsloérsrrUs v dug after ghe
initial volume is lost or metabolised are not catetiedefoirwgieytngnenplant.

Direct delivery of a drug to the interstitial spaces of the brain tissue is therefore an atiiestive
which, agpiously described, provide negligible transfer of the drug from the blood into the br
(volumetric flow rates (@rmd0are not appropriate for direct delivery as the &xqeEss ddtaslbppas:
betwedmiteedle atie tissue iafasate refluxes to the surface of the brain, leaving a high conce
needle tréeigural). ConvectBmhanced Delivery bridges the gap between the diffusive and bo
providing a method of increasing the concentration of drug deep intBabhetsajr i@ PLISSI
therefore relies on increasing the local hydrostatie prékslow wf ithe interstitial fluid away fron
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oulet of the delivery device. Highl/ihow)(fsladed to induce convection which overwhelms the natural interstitial
fluid flow to initiate bulk flow in (Metissata).1994; Belova, Shaffer and Trapa, 2017)

Numerous groups have sought to mathematically and computationally describe the distribution of molecul
following CED infuditmiss@t a).1994; Linniegey.2008c; Ragheh\a?006; Belova, Shaffer and Trapa,
2017; Zhang, Yang and Jidriguz®qd)?2)

Catheter lumen

Corpus callosum

Internal capsule

Brain tissue

," Pial layer
LSV

Figure6.2D Finite element model of the brain with a cannula placed into the tissue providing a point sourct
for fluidd.inninger et al., 2008a)

The base equation for convection was describdiioyrigarad®8fiihe partdferential equation

defines the concentration of a solute within a porous substr&quaie?inction of time (

Equatiok4.
Y — Ond%®d N0 — @ QO
LYJ \ } J
|
Net Diffusion Convectior Loss into Loss dU? tc
Concentratio microvasculatur  metabolisn

Where the time depamndantration of a solute within a differenti@ncbtenne) (efietermined by the net

diffusion, convection and losses into and owepidtie®®olume (

Belova et(Belova, Shaffer and Trapefir2®@d The equation to ignore spesifiecéitd bimting and

metabolisnhairmathematioaéstigation of GDNF concentration following CED.

: .k - AL - J
Equatidb. ;—‘Eﬂ JO  rerds ‘9O @ F-*‘I:Lﬂ:l

L »B

Wher€=infusaencentrati@f=interstitial flurtissue porosaty = interstitial fluid veldcstyhe

macromolecular diffusion;tendoe fikst order degradation rate constant.
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Both the diffusion tensor and the porosity aralassues twbéalapdrgrey matter are known to he
porosity (G0e®, WhiB.1§Linninget a) 2008a)hichffect the magnittrdediffusion tensor. White m:
provides additional complexity as it is afiisosqmiefesdhtially flowing parallel to the axes of th
bundlggving the diffusion tensor a dinbidnalieyspecific to the orientationestéhediazs. The
diffusion vector can be established througiancagnadigimgsusing a diffusion tensor imaging se
DTI) which can be incorporatpdtatiortairmodels of thadud@i) © predict fluid ffosit(Linninger
et al., 2008b; Kim, Mareci and Sarntinoranont, 2080 abapditoristesstritaki et ahg2Gi@ple
of such a workflow hasdvededRigur27andllustrates an MRI image on the left with a represe

element model on thehegtimite element model contains more than the location of the grey an

Numerous MRI scan types exist (each tailored to collettedmedtiticarnissoes under investigatic
imaging such as a T1 weighted image can identify spatially where grey and white matter oc
structures like yoadsl cavatlyCSF spaces. As a volume, the Ml ffoem8Rareoxels (with an x, y ¢
component), like a 2D picture is made up of pixels-yvibngtiTene foritg klement model can th
constructed by importing thasd atirebing values for porosity or permé¢abilibiles el qrintens
levels) of the MRI scan and its knowm eisgoec! values. Further scan types, such as&gifugior
(DTIxan add a directionality tensor to thesutlitéhraitténsates preferentiaigrithimdimexction if the
pass into those voxels as the finite model is run

Prospective and predictive models are commonplace in various fields to try and estimate o
to variables with known relgignsteashecésts which predict: windspeeds, rainfall, cloud c
temperature; or Structural FEA models mbitiaestanatepeefiestions, stresses and strains (0
based on material properties, boundary conditioljs.gnRikkbgelstghgo®)diclinical predictive
models of symptom progression based on piegoDs! pathin|B0¥6)

Figure-7. A voxelized DTI scan of a rat brainHileite &tehaent noddleé same scan (right)
demonstrating how diagnostic data can be engineered into a prospective, ptaithcade mod
bespokeeach pat(&in, Mareci and Sarntinoranont, 2010)
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Retrospective attempts to analyse CED infusions, which thcbighedradpatentsent glioma, showed
agreement é658odose (radiation) leebirtted simulation, providing clinically usefuterdbtiration 85
timéSampsetna).2007)

Take home message

Continued development of patient specific models and their integration into sufgiaiewatkflow and planning
improwdevice performance. Improved coverage (or retention) of infused drug in the target structures will pro
initial conditions to evaluate clinical impatvgrneatsames, but such models require empiacal knowledge ab

the infusion catheter and its mode of action to provide useful insight into catheter placement.
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2.3 Biological response to injury anddayitastadd its effects on CED

In order to understand how the performance of CEaDeca¢iuebsr themaytadion of implaniatoent
to baractertee environment surrounding the catheter. ®desrrgsidrheretise homeostatic envit
surrounding the catheter and, later a discu=siunoomaothkishange as a result of the damage
by surgery andéomgimplantation of theveystemill affect the ipeedotturaéyporous flow models ba:

on acute parameters

2.3.1 The tissue environment

The nervous systerddad divthe simplest leveCemtrah&lervous Systean(CiN&ripheral Nervous
System (PNS). The CNS comprises the brain and spinal cord while the PNS is mafisuagiyof al
thebraimppears very cowighelxighiyndulating sulci covering theuefdesiarnahambdventricles)
filledvithCerebrospiAald CSFhébulbouwerebellatithe rear of the brain as filslbashiaths which
separate the various compartmer(thesf e tiveiningekira mater, arachnoid matevylpichratger)
extendsarroutite spinal cordbulk of the braimettveus tissukrowever made up of two major cel

neurons and neuroglia.

YYN[Br[s wsN heugtg, masglesconingl and therragulgtion pf gl@&ripliemtcsfcretic
2009)

Sensorgurorere the cells whielstcstimuli of various types (heat, ligtitpforak,oster the doatly
convert the input into an electvicettsignabnsmitted alondthieeactibn poteMiatipr neurons are
involved in the execution of motor aates@rsldohnect different neuronal pathways through
are involved with internal processing. Neurons reemiversaimegeions and faligivbich is why
damage to a small area can have catastrophseaqeemoRmiesistoratigurons range dréaw
millimetres lengtb single cells whidhrestine full length of the body (braetarddmtye a highly
complex cell form with branch like structures at either end (Figui@®). Zkedahthitelre the
prominences wgaittter incoming signals framh stienahid of the neyramargl [ @ N raxofl @ &
which responsible for transmitting the nerve impulse théhyreatesisdi ssaade etrexlagsistance of
the myelin sheath which suraaonfistisulatand acceksht ionic exchange at the inner surfac
the cell wallthe distal end of the neuron, the sigelaeadeheitstschlischarge the signal to adje
cells (e.g. muscles, glandsTinecedhs)icleus is located within the centre of t el aeradyée, claaten
generallip riohave the capacity to divide through mitosis and regeerhtedibstaiendesaribec

permanent cells.
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Dendrites .
Axon terminals

.

Figur@38 lllustration of a neutbrdistinguishable features .identified

The othmeajorell tygeund in the CN8usog(iBablg-1). Thikamilpf cells make upo-dfahe bulk of the
CN&and while they are smaller thirepeuedhi$o 50 times moreNeumegtiasare responaibbefay

of functionscludintpe creatiomeifve impuylseshssistgwithmaintainitigelocahomeossaof the
environmdrdt surroundsathonihe extracellular fhattoraP09)

The extracellular matrix fills the interstitial space (spape®@twadniscetsnprised of a solution of
supportive proteins, molemnss(lgdd, C) at various concentrationd e CSifeatanad ions is
required to generate the a@ioesmesible for the nern&®awmpuolaad Johnsan, 1996)

Cell bodies

Interstitial spaces

and Sykova, 1999)

In aJthere asiemajdiypes of neuroglia Houemé/found in theKuR®ann cells and sateltitditelis
to the Peripheral Nervous SyGtabi@BNiS3$ important to know the function of these cells as they are important
not only in the homeostatic management of the brain tissues but also he#liegespamswitbbejury and

covered in the following sections.

As shownFigurg1(Q when sectioned, the brain appears lighter and darker in differerasatieas, these are kno

whitand grey matter respectively.
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Table1 Glial cell types, function and location in the nervous system

NeuroGlialttype Shape /Primary function Location
Varieties fmend in boty gorotoplasdianched processes) and white
(fibrousunbranched processes)/ resgpositiladastructural strength to
Astrocyte maintaliocalon(K) balance, maintain selective permeatdityediitic CNS
junctions ofdhpillariasd act as a conduit for nutrientchpilleemn thihe
neuromistrocytes are highly heterogeneous and poses region spec
Branched cell whichncamgxen@similar but smaller than astroglia)/ re

Oligodendrocite forming the myelin sheath around axons in the CNS CNS

Ependymal cells Cubmdql wnh mlprowll[ and cilia / Line ventricles and Upruchispiasl CNS
and assist with circulation

Micrglia Small cells with thin branches/ phagocytes that remove debris fron CNS

and consume microbes

Large cells which cover a single axon or a cluster duanxemsuftiél a r
Schwann cell responsible for forming theheathlewround axons in the PNS and alsg  PNS
axon regeneration in the damaged PNS

Flat cells that cover the neuron cell bodies in the PNS/ Regulate e
between cell body and interstitial fluid

Functionally, the white matter is responsible for the transfer of nerve signals, the motoratays:

Satellite cell PNS

throughout the body. The white appearance of the tissue is caused by the fatty (lipid) myel
neurahaxons. Conversely the darker appearance of the grey matter is due to the lack of m

of tissue. The grey matter is comprised of neuron bodies, dendrites, unmyelinated axons, a

The cells whiclpgdbe grenatter account &6 eBls volume, leaving the rerfioctypi2d by the
extracellular m&aibak and SykovaPLBB®) infusiorssthis interstitial space which is invaded an

by the fluid convecting from the catheter and into the surrounding tissue.

The ratio of interstitialgpa@evolume of tissue (the rest being occupied by cells in isknontext 1
as the pore fraction or extracellular volume fraction (EVF). The pore fraction varies betweer

density and arrangement of cells.

White Matte

Grey Matter

Figur@10Perfusion fixed coronal section of. NHP brain
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The EVF of white matter is ~1/3 (which would result in a 3 fold increase in aimefEid-iofubed into it) while
brainstem is tAlgealthy tis€bimpromised nervous tissue can diteteildspacdsareducing the local
density of cellsketid) [ r BEVRuppset a).2002; Lorestea).2007a; Loesea}.2007b)

2.3.2 Thammunological response to injury and medical device implantation

Homeostasis in nioealgly tissiseachieved by receutimgnts and other chemicébrspegmag
maintenance from a support network of ce#isaofithie seetsatearswhich provide healing and protection
from foreign pathogens or injury are preséhafhthimstesdditiontie tymph and blegsels

In response to injury a chemicattihebaliznocenvironment is triggereabw/Blwimahemical reagtion

which starts with acute inflammatioitiraateighesling and reconstitution ofdhéhtisBuation of

fibrous tisswlgch attemppsdtect the body ancheetacaltaea tonditioharhet@sisThe cascade of

cellular activities leading to healing or fibrosis is sometiméskrsofrnas thehisderson, 800 nr ¢ [ o [ .
(Figura12.

INJURY, IMPLANTATION

INFLAMMATORY CELL INFILTRATION
PMNS, Monacytes, Lymphocytes

EXUDATE/TISSUE BIOMATERIAL

l

ACUTE INFLAMMATION L4, IL-13
l Mast Cells > Monocyte Adhesion

Y

PMNs Macrophage Differentiation
CHRONIC INFLAMMATION Macrophage Mannose
Monocytes Receptor Up regulation

Th2: IL-4, IL-13

Macrophage Fusion

\ i

Lymphocytes
GRANULATION TISSUE

Fibroblast Proliferation
and Migration

Capillary Formation \J

FIBROUS CAPSULE FORMATION  FOREIGN BODY GIANT
CELL FORMATION

Figur@-11The cascadeebililaevents and associated cell types present atitiengiitiyehieaky
tissue healing proitgsee pecated fradnderson galderson, 2001)

2.3.3 Stagesiofury and &ling
Many variations on the terms used in the healing of tissues can be found in the literature but all cover brc
chemical and cellular events in different Teld@&2pT tetpilgsence of some cell types are ubiquitous in injury

(e.g. monocytes and macrophages) while others will be highly specialised to the site of injury (e.g. microglie
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Tabl@2 Stages of generalised and specific healing proposed by various authol

Description of activity within tissues following injury/ device imp

Locatior| General General Brain
0 Homeostasis Homeostasis Homeostasis
1 Injury Injury Injury
2 Acute inflammati Haemostasis Microglia/ Macrophage infil
3 Chronic inflamma Inflammation Upregulation of GFAP, Trg
factors, cytokinases, prot¢
(%] . e
o protease inhibitors, cell surf
8 matrix molecules
« 4 Granulation tiss{ (Cell)Proliferation/ if Glial scar formation and infilf
repair meningeal ¢etiere the menir
layer is comprojmised
5 Foreign body read Remodelling
Fibrous capsule
formation
Source| (Anderson, 2007 (Kuhn, 2005) (Fawcett and Asher, 199
2.3.3.1 Injury

Initiallytissues are subjectieduti @anjuryvhicdamagesstihema (structural cells) and parenchymal c
organ cells) within thenlocahmeBliood vesselsargablyptudéeading to the travdomdadnia blood
produdtgo th@ound sitkicform a thrombus (blood clot).

2.3.3.2 Acute inflammation
Proteins from the blood will quickly be deposited onto any foreigmiibaytimetibenwtexinaf tnesarév

the foreign body woulthplaated medical device), the depoditon ¢btlaes®pproteins onto the su
termed the formation of the provisional matrix. This pputeiardepssadiwh im s edaga ante pn
the extent of the downstream reactions which occur Attt ealiri@0prideshan, 2005)

It is the breakdown of this provisional matrix which releases chemical species whicte cont

inflammation, wound healing, chronic mpffemuls@ienfibrasis

During the acute inflammatios staged is saturated with neutrophils. Thgse e wijecddod
cell, the mostapr@vin mammals. Mast ctdls ballpaesent at thisdtdgeugh thegrateulation they
secresebtances to control/ mediate the acute inflarfermteignalipgnsgokirstaine is released by
mast celts increase the permeability of blood veaselshantlowwcof white blood cells to comb
microbdsterleukin 4 and 13 are also released and these are kndateftorp&ioaRdteigntBedy
Giant Cells (FRB&)tich3.3.4

2.3.3.3 Chronic inflammation
Once haemostasis is, aubmevectlear egiimonocytgsnphocytas recruited to the area in large nt
thissigniéghe chronic inflammatioVigtagéhe brain, microglia are recruited in large numbers b

flood the injuredibirepspaces previously occupied by now d&aagett aadraskerThe899)rpose
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of these cells is to fight off any invading microbes within a wound through phatecidosignthe consumption
cell matteMacrophages are capable of phagocytosing particles appioxierately Z) js sate

possible for a phagocyte to engulf a foreigratiapinb emdabaptiveechanisms exist within the body

to combatudersuch as the complemeithey/stenplementispsteiof the immuneaysterompad

ofa family ofoleculédherany one of the family of complement mtietaths\diede in a cascade

activating the remaining commolecides. Active molecules attadbrigkgradedygatbmbining to form

a gate/ hole which permits the entry of exitactiklceihsidgtoswellleadindtimatelgcell lysis

(Tortora20090his system is only one of a range of molecular optionmavailalsgstathinkheh can be

recruited to combatangitynately lead to changes in the environment around the implanted system.

2.3.3.4 Foregn body reaction

As previously mentioned, macrophages are capable of engulfing singleRuartanigsrypesocheum in size.
(>10uptypical in medical device implaatapibagasnot consume the foreign material which results in a state
of frustrated phagocytosis. Meanbeagasine to feyreigBody i@nCell{FBGCYhese cetlg the
capacitypgbagocyttager partitlesfor whole devices, phagocytosis. iSbnsttpastligse cells can

produce acidic compounds in an effort to degi@dehtdegradatiah was showméeordaalaggdls

(Hayn, Deppermann and KashweDigplantpodlyurethaffesderson, 200hjle typically seen around

the same time as the formmatiotatodrgtissueretbenpe of FB&@Isbeensed to denotentbric

inflammatstage in medical device impawliation. of the FBGC reaction is possible through inhibitory agents
(e.g. Antdl] Anti-II3) or modified surfadgegroperedical deAidsrson, 2001; Kuhn, 2005)

2.3.3.5 Granulation tissue formation

Granulatiissue ¢haracterised by the formation of new blood vessels (neovascularisation) or vessels sprou
existing vessels (angiogenesis). There will be a large presence of macrophages and an infiltration of fibrob
stagé&ranulation tisshie pecursor of fibrous capsule formation. The granulation tissue is normally separate
the medical devicezbyedl tleep layer of monocytes, macrophages and foreign body ceb$ (the cellular compol

the foreign body reaction).

2.3.3.6 Fibrous calesGliotic scar

Within tissues that have a high capacity for regeneration, division and recovery, granulation tissue reso
functiongdrenchytisguds the brain parenchyma however, astrocytes rapidly differentiatk to form a tightly pa
astrogliotic sbaracterised by the upregulation of GFAPhendevisigtfignction ofitkerweaving of

the actrocyte promiffrégeesld whic become more nuametdygpertrofatiowing injyBawcett and

Asher, 199%)e extent of the fibrous capsaytiEffiscted by the severity of the trauma caused during injury
alstythe upegulation of proteoglycans such as chrondrotin sulphatengrictemgipchin@SRGs)

tissiE Tiaret a).2006yibroblasts and meningeal cellstalduersitgaiéimndycan infiltratectran an
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attempt to protect the CNS from secdRdioyvéesipbA803Nd restablish the glitahsslial Scar
formation is thought to bel=forpleteek$iayn, Deppermann and Koch, 2017)

h & ‘ /]
Figur@12increased density of Glial Fibrillary Acidic Protein (GFAP) positive cells (astroc
implanted steel cannula track in thdmeigmregdicated and mod(fitay/froBeppermann and Koc
2017)

Take home message

In order to optimise the chronic, intermittent delivery of therapéidatsdaytreadEssict ks owledge
of the healthy and compromised working environment. Further, the reaction to injury which w
of the catheter device should be understood in order effesstatuatkstiinlidetherapeutics nto |
surrounding tasgeies.

2.4 Dscussion

The white and grey matter of the CNS is comprised of neurorfisaacediairoahslethega tydrof
membrane which prevents the influxiaif fibel inksrstitraitissuean be considered a poroyassubs
infusions into the bulk of the tissue will replace the interstitial fluidsipettrecext thegtisiiangake

of molecules into cells, metabolism and excretiar aagertingeirame

Infusions into different areas of the brain will have differenyolstnimdiby trettéensity oflthd cell
flonand available extracelluiarthpdoeal area. Infusions into white matierasgtbkelame of tissue
volumireefqgldvhile infusions into grey matter ajirimareassdy fold because they can occupy C
fraction of the tissue betweeDé¢hseaetltgions such as the brain stem may hage®uedikighation

volume, closergiabrindold.
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Distribution patterns will also be affected by the infusion regimes use@sonsdhaisastritthefdelivery
the infused molecule to the loBHLkgsakksvays within the brain (perivascutetapelcas/ardeptor

binding onto or indondkeket as simémoving fluid from the target zones

Following injprgteins within the asdblesd (where vessels are damagedhadsaeoral faces of foreign

microbes or implanted devices. The chemical imbalance of traumatised cells cause the quiescent immune
become active. Microglia, monocytes and macrophages are recruited to thevartdseandeaittach to the protein
face of the foreign cells or implahtedeeealkt®mpt to consume the foreigaesicoatietar debris from

the injugr breakdown the foreidgiaihogyto remove the foreign body can lead to madosphages joining to
foreign body giant cells (FBGC) which have additional capacity to create adeigradatmiunds to accelerate
materials. FBGC can remain present at the site of implants throughout their service life.

Mast cells secrete vasodilatas theiritméaells to the area taeaivgsogeaiemMicroglia and

astrocytes are activated following injury and quickly divide to fill areas of tissue previously occupied by dam
As the functional parenchymal cells dfirthres lainoh&ave the capacity to divide atidategenerate
astrocytes become hypertrophic, increasing the number wiriil@nitoondtd extierdmjacent astrocytes to

form a tightly intengiislescar around the site of pnjuegt the Biddlml scar has limited extracellular

space and forms gap and tight junctions between the adjopisng<étiat fitavenses the mesingeal layer
surrounding the brain may also be susceptible to ting&afilceltowioicinegstalbésh the glia limitans

following injury.

Repeated delivery into the tissues of the body, in particular the brain, will also be affected by the changing
local environment around the impl&htsdidetissue is a physictd Hamibich presents a problem for
JeNnwfrNp]s nMNLOUNBNDL Mt L[ & [NBT Oy fwrfNn nNy
lateral coverage away from the site of delivefugmrealwterahdih is limitednollseetrzbm the

delivery si(Bpbet aJ.1994%ich increases in pressunee dlkely to overcome any reflux inhibition

features on current catheteRefesighsikely limit the therapeutid rdngifitase nddrgelyetained

withm the target tissues or structures.

The changes to tissue morphology as a result of intermittent infusions have yet to be characterised. Interr

may exacerbate the formation of astroglial tissues.

The glial scar is widely discussed as a primary factoaiidnofingwhaxonal growth in spinal cord injuries

as well as degrading performance of implanted electrodes.

Further work is required to characterise thisdamestnnent the parameters of acute irttusion differ
those tife logrm environment and whether performhianeelumeasiudestribution of target tissues, can be
optimisdarough a variety of strad@ipetatdn of the infusion regatigenosalepdudy be considered.
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Alternativgigdiation of the tissue responseaoleguyredpmlontdpeuseful litd implanted cathetet
while maximishisgibution performance.

The aim of this thesis is to investigatéhandesgmeasel use of chronically implanted catheters

repeated delivery of therapeutics which are currently under development at Renishaw PLC.

The objectives will be to gather and analyse empirical disthibirtio@uicteofmmintipéantation stu
which utilised a recessed step catheter and evaluate its performance. Understanding of
successful repeat deliveries into the brain will be sought to provide strategmeseficynakimi:
prospective treatments and provide guidelines to prospective neurosurgical users on optima
catheter.

As this approach islisuiftiinary and multifaceted, a schematic has been providedésticiasify
which are paseke outsetach chaffegurd13. A complementary follow up schematic is also pre
final chapter of the thesis, yitifdighticomes of each chapter as they relate to the cefftiglittem
8.
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Optimisation of a chronically implanted catheter for intraparenchymal delivery of therapeutics to the br

Q¢ How does a catheter perform when chronicaityplanted?

Chapter 3¢ Evaluation of a first in man chronic, intermittent convection enhanced delivery sy
PurposeCharacterise the performance metrics of the recessed step catheter deségtin vivo
i Coverage of target structures
U  Evaluation of study subje@tnormality in the patient population
U Comparison of implanted catheterposition of functional features iratget structure

Q¢ What materials can be used as brain mimics to further develop knowledge of the cathe
functionin vitro?

L

=» Q¢

L

= Q¢

Chapter 4¢ Evaluation of brain mimics for catheter design evaluation
Purposeidentify an optimal brain mimic to further evaluate the recessed step catheter
U Compare the infusion characteristics between agarose gels and composite hydroge
(made frompolyvinyl acetate and phytagel) which are reported to be more mechaniq
similar to brain tissue than agarose

Q¢ How does changing the catheter infusion or dimensional variables affect the infusion

distribution and how can this be used tamls optimisation?

Chapter 5¢ In vitro and in vivo characterisation of the recessed step catheter distributions

PurposeExecution of infusion study in gedsd pigscompaingdistribution characteristics obtaing

when modifications are made to the catheter features or the way it is driven (infusion rates)

U Create a set of design curves for distribution characteristics based on catheter step
and infusion flow rate

observed withinin vitro gel studiesand later built in to planning or analysis software

Can an irsilico model of the recessed step catheter be created and used to verify the charact

Chapter 6¢ Modelling of the recessed step catheter
PurposeCreate a computational model of porous flow from a recessed step catheter
U ollate model parameters from appropriate, referenced sources
U Create a biphasic finite element model for solvent flow through epe substrate with
clinically relevant step lengths

Is the permeability of the micrenvironment around the catheter negatively affected by the

implantation of the catheter or the continued intermittent infusi@rs how could this affeathronic
optimisatior?

L

Chapter 7¢ Longitudinal study of inflammatory reaction to a chronically implanted catheter
U Purpose: investigate the inflammatory reactimnvivocomparing active and inactive
catheters over 90 days post implant

Figur@13Schematic of thesis with primary questions posed aththpteutset of each
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3 First in Mahronic, intermittent, comesdteomced delivery system

Thipgowy [ N8 prf wérs {r eRhnddmizéditrial offintermfttentimydpfitanre
cell linderived neurotrophic factor in Pdidéadmsiv\thone et al., 28id@&xtended Treatment with G
Cell LinBerived Neurotrophic Factor in Parkin$giié Diseasal., 2019b)

3.1 Motivation

The author formed part of a medical research and industigabcplisspais bl attehlEmeentation
ofa clinician led stianflysingid ceHineDeived\eurotropliacto(GDNRR naturally occurring prote
intermitteritiyo the brairdys | ¢ [ s thiougls a npvey [drggndelié®E$Btem

The author thhesefenotesponsible failithieatudy desigrihe development of the drug deliveey sy
data gathered durisgniimstudy does however represent the first opportyiaityl thasekimtigate
performance of chronically implanted catheters which are @ecestanbnttetitsbpilyfusing a lov
ratsuch as occurs with implantettpestgidish opportunities for dpigrhispedrihat an assessment

dstributions over the duratiomaoititesii8ly will provide guidelines for improving performance i

3.2 Introduction

Within the context ofésisgation, the short #emgegformance of a chronically implantedscathe
of primary interest, however it is necessary to explain the design of the study from which
follows is an overview of the clinical trial focusing on the relevant areas surrounding the deli

of acptable catheter performance.
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3.2.1 Clinician led study design
Study titla: Placel@@ontrolled, Randomized -Bloublkial to Assess the Safety and Efficacy of Intermittent
Bilateral Intraputamenal Glial Cdllerivee Neurotrophic Factor (GDN®1)s Infus

Administered via Convagqtiocnwy[ NN ©NJ ¢ NBT (9e9) (N i [ mu
(EudraCT No: 20038684)

Following -pdient phase | (drug safefypatiedys warecessfahyrolled and randomisegdrimarghe

GDNF stu@fygur&1) with approximately half receiving GDNF and the other halfarateising a placebo (
cerebrospinal AGdE Following screening, pudspsstsd to surgery where they were iméhted with a D
(Figurd2). Approximately 1 (atutth weék\WA|following system intiplansajs underwent the first of

thregest infusiomest infusate cons&&Foind Gadolinium BasefigEon{GBICA) (Magneist, Bayer)
preceded and followed by a T1 weightediMRbsibaseliodf o N 1 w/ Witk anfl Withouttthe wf r 1t
presence of the contrdagadgedt (

Study Schedule

Pre Post
infusion  infusion

Pre Post

infusion | infusion
MRI MRI MRI MRI

Primary Study |

-4 -2 -1 0 +1.... ...+10
Time (Months)

Figur&Ll Primar@DNF study paseimed{gxtension study not.shown)
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.. Multiple micro-
) catheters

7
Y,
7

Transcutaneous port
a) b)
Figur&2 Chronically implanted drug deliveisheysteom @ CAD package avatar with a cut away
tissue displaying the catheters tunnelled beneath the skin, terminating at the point where tl
(vertical catheter traje@torgmnequin implanted with the chronic DDS fitted with an externa
application set for intermittent infusions to the brain via théppstettaneihstpotrajectory)

The distribution was assessed over 3 principle areas;

- infusioetained within-dgfireed Volume of IntereBigui@y) (
- within the whole target structure (putamen)

- total hemispherical coyedigtelfution volume).

All volumes were recordeshit$equivalent to the volume of pl)

Figur&3 First test infusion in a GDNF study subjfesioa)l@aseline T1 weighted bjRbstan,
infusion T1 weighted MRI scan

The&/Olwas defined as the postefitheBorsal pulamesr, rear 2/3hdsiarea of the putamen thou
responsible for initiating motaiSubjetavsisvere randomisedl i(iteingestonly if a minimum covera
(40%)of th&/Olwas achieved durifigsttest infusi@s defined by the study. platobalge coverag
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requirement was introduced to minimise the risk of study failure as a civeof sEEMingd fevlioes in

studie$ his enabled the study to focus solelefhicdbyg ofitieatirug under investigation.

730.01 1509.86

1213.51 1024 .37

a) b)

Figu4w) &} wr1 4N re w sfmiNpfUs sfsEépws 14w J0]
presented as a pink 3D mesh. Section planes have bdafidedasidonedit@sdthighlight the region of

interest. b) Left and right po¢ashemn witkdstsion planes highlightityHreows)

Once accepted into the study, subjects received a monthly infusion of test article (or placebo) through the p
access fbrgurdb). Following a total of 10 monthly administrations, a second test ipdinsion was administered

preand pasfusion MRI scans were gathered for assessment of long term distitdyée@k characterisation
4Q0W40Q]
Following completion of the primary phase saftijesstotnattatijed ontcopen labe(leek

belovgxtension study, receiving anforities dlinfusidhall subjects guartetatent withettte
article (GDNF). At the completion of the extension study a further test infU3fWi8Qhs performed (t=week

6 ywsloérsrrUs sffndéns, sfpo ws JoNn 18érwsf s fr
maning that they do not know if the subjects are receiving the active drug undarsnsestigation or a placebo

to minimise a placebo effect, where people believe they are receiving drug and exhibit improved clinical scc
having no phaoiogical reason tdhzsahis study moved into the extension phase, study designers felt it was
unethical for participants to have no prospect of recamumpthedtugyrarsgich invasive surgery and

having their normal medibhgthfaitextended,@ertbds it became an open labelled study for the remaining

9 months. All participants were given the test article (GDNF) and all study administrators were aware of the
given. There was therefore no contekgtenpidor shudy, but continued device performance was not affected

by the unblinding of theésshuslyvas measured directly through infusion distributions viewed under MRI
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Figur&5.a)GDNF subject receives an infusion into the brain via the external bone anchored
port(https://medium.com/parkiistattteteanhehidthegdrdriatec7f3c2d)PByr Close up image of tf
administration set attached to the percutaneous port in a(Béobkstomha Z@2itent

3.3 Mehoaf infusion distribution assessment
As described above, the definition ofrcaethggethmEedontext of this body ofsréiseansitity to targe
and cover a defined baaiviiggue (neuroanatomical).sfrhigtutessis thdreforetdeal with clinical

symptoms of disease or drug trifloovewenmibeskersimmarised in the discussion section later

Coverage oVbgputamen and hemisplassesssd lEtst infusion

3.3.1 Distribution volume, V

The need to define the extent of coverage in trials delivering drugs to tipedviaunghasdiesn hig
2006) t@ps 1BNLUOrfs s[fnt, ¢rinNsfoEW ¢ E | @
that a failure to induce improvemenisisestu@ibet a].2003hay have been down to difference
delivery system. This hypothesis was babaeigh@dRbscERs taken of a limited number of pati
clearly showed signifreanetheflux in patients who participated in the failed phase 1l study (inves

above safety which is typically performed irfFagpi@8e | study)
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https://medium.com/parkinsons-uk/meet-the-team-behind-the-gdnf-trial-ec7f3c2d102c
https://medium.com/parkinsons-uk/meet-the-team-behind-the-gdnf-trial-ec7f3c2d102c

Figur@bt 2 [N cEf NN G6he spuwrs re ywsloérsrrUs sfminNnpf
Prof Steven Gill a)rd.@iameter cathetehomedinfusigwhite clolmated around the catheter tip
(white arrow) 1r2m diameter cathetshos@ty absence of densfeisubin located at the catheter tip
(white arrow)extiensive reflux to the surface of the dmrawv)(dotted

Infusion distributions that are visible in MRI scans are spread at different concentrations around the site of
(with the highest concentrations typically around.{he paitieteratremh3istent analysisudgproach, s

quidelinagere creabgdthe lead neuroswigelsn] ¢ 1 [ { wf N n  waddpted as [previopsty [ wr wy
describ@dret a).2010; ¥ha).2011; Gimehet.2011)

Postinfusion T1 weighted MRI scans were windowed (adjusted brightness and contrast levels) to increase
between the infusion and the surraukslithgdibtarbite matterreamved from vielhwr@sphatg the
imagejhe remainsguessiblerould contantythe hyperintense gadolini@id pafées were then drawn

around the periphery of the visible infd§t&licanteanbke a volume.

No minimM®lor putamenal coverage valdefinad prehe studggbifor the final test sfiused0
and 80

Subjects were grouped according to their dominant trajectory entry position on the skull. Three groups we
the study based on an evolving surgiedidathamigreor and p&sder@r)(
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2

Figur&7. Qurgical implantation traectorles of the recessed step catheter eGiphtigadin e pri
vertical (n=6), b) anterior (n=3), ¢) posterior (n=26)

3.3.2 Position of catheter features in structure
Additional measurements were calculatectant (D€ pddste actual implanted positathetathe
well assireflux inhibiting feaereesecorded investigational analysis was performed on these va

if a correlation (Pearson correlation coefficieatspezistaddidtveedevice and target coverage.

3.3.3 Anatomical variation

The infusion volume was standardised across th&GQutbatbepedgfiddutamemicltontadal
GBCAThe volume of thepatgatemi)l be calculated to eftabiitmality of the study population, :
how this variation might affect percentage coverage of tieeplat@@estnatures of the 36 PD
were extracted from the anonymised surgical plans (generatssymghug validaied auto r |

neuroinspfisurgical planning software).

3.3.4 Statistical analysis

Direct comparison of means were coingaredmsspgfarsgynificance®edat ample groups lar
than two were compared usig ANDFA to establish statistically significant differences in pog

Pearson correlation coefficieniatwdr® edtablish strength of interrelationships Dedesdarsamiak

Darling method was used to confirm normal distribution of putamen volumes.
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3.4 Results

3.4.1 Putamen volume
All putamen volumes ranged b&Béem@l22 normal distribltigon3® and an average volume of
4.3%0.06ct{BEM].here was no statistically significant differenceabeitledguutheneghiole®és)(p

30 : EY
I I
25 t h t
| /, \.
< AR
> | |
§15 |){ | I \
210 : ' :
T x/'v ' ; \
L 5 t ! t
/ : ' : \,
0 N v 1 . 1 II X
_52C00 3000 4000 5000 6000 7000
tdzil YSYy 2t dzyYS oxf o

Figur&3 NBT GDNF primary cohort putamefreaqhemes plot, averagel=dlidnd, Standard
error of the mean (SEM)*b@6abted by blue dashed line, red dashed lines represent 1 standard deviation,

A=0.55ctn=7putamen)

3.4.2 Variations in surgical trajentbitgfect ostep length

Outer Guide Tube (OG’
\ /

Tissue plug with recess

Fi

\ : Catheter
Inner Guide Tube | Step lengt
< —>

Figur&9 Recessed Step Catheter with varial§@istepdemgthrOGimid.OD, Cathetemm®®D)
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Vertical Anterior Posterior
Vertical Anterior Posterior
Average 15.08 20.39 26.19
n 20.00 12.00 112.00
STD 2.17 3.08 3.76
SEM 0.49 0.89 0.36
b 35

Step length (mm)
™ (5]
o (=]

(%]
=]

=
%]
ﬁg+

1 2 3
Trajectory groups

Figur&10Step length variations between catheters implanted into the putamen via differe

catheter lengths across 3 trajectory grodpeghisjlbmbxof 3 trajectory groups (group 1=vertical a
group 2 = anterior appragei3, gmmosterior apploaat)and upper horizontal blue lines@efthe th
73 quantiles, red line defines median value. Height of notches (bteenifidshcefime e D6f th

means of each group, as these do netoesrtan the confident that the true medians do d

Intotgll4CGatheters were implanted in 35 patients (6x vertical, 3x anterior, 26x posterior) wi
average length of the step region (distance betaret#httetheter kigyrd9) (F(2,139)=104.58,
p<0.008Btep lengths ranged #xh2agh JVertical-12:183m, AnteriorZEb@hmPosteribdy.€84.2nm).
Step lengths rose in line with putar@01/66;pe0.197), this wasnsthmfib@nposterior trajectory g
(r=0.341, p=0wWhh was aligned with the long axis oFiper8ttQcture (

Pageb5 0f194



N w
o o

Step Length (mm)
=

8
e .82 &°
oo 8 %oago% -39 R
)
r=0.341
r=0.116
p=0.013

0

3000

8o
@
. geo@fo 08ee 8° _ |
e o © 0% o 0° £
@ @ o Z
o = 201
° ] o
° ® Og ® T
©® © 1156 2
=0024 L2107
p=0.197
: ‘ : : ' 0
3500 4000 4500 5000 5500 3000

Putamen volume (mm

a)

%)

3500 4000 4500 5000 5500

Putamen volume (mm3)
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Figur&l1Variations in maximum step length ammdymi@nadirsubjéntsd), b) posterior trajectory
subjects dmy52)

3.4.3 CoveragéVOI andfamen
OvetheB0 study weelgtioeps tekinfusions maintained high percentage coverage of the VOI with no

significacttange in the average ¢6Y21207)=1.88, px\ki#je VOI coveragel/e@: (\BEM)%,
WALY5+%, WD +36(Figurd13.

VOI Coverage (%)

100 |

80

60

40 t

20 r

w4

W40

Test infusions

W80

Figur&l2Percentageverage of the VOI over the 3 t¢stirflgimig, =69 166(STD)
1347 75£ 196,13,557 70t 21%)]

The avage putamen coveragggndcantdifferent between any of the three (fle&2,2paaiGns
p=@9. Average putamen coverage WASEMY¥L) H0.8+ LY Week46),.4 +2@WeekBFigure
313. The percentage coverage rargfet fvdim 28200 (W40) and@2£6(W80)
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Figur&13Percentage coverage of the Putathezseseintiasi¢ns70/ grolg,~3.5 56 ($D,
13.550.8 6% )3:751.4 18%0]

Modifications to the choice of surgical implastdhaeotéoyhave a significant effect on lengthe

region of the RSC within thé¢spataghéiR This increase in step length was assigciditeahtuitbeain

the VOI coverageq&(B9p=02] (Figurdl4d)andhe percentage cofehageuta(igl,67)=22, p<0.001
(Figurg14)) at the first test infusion.

Average VOI coverage remainéd)Higio@iMenain and extension studytipénedargest coverag

in the anterior and poster{@v-gEaipéserticad%o(anteriodyp(posterldWAer Po(verticR
% (anteriaf(posteridvB e Po(verticdBYo(anteridi@o(poster)or)

Average putamen cal@vagenained largely consistent over tivé4B1dy(pertazhlPoddnterior), 57

% (posteridv B8 (vertical) Yo(@anterior)Y&EPosteridvBB& o (vertical) Y%onterior), 54
%(posterior)).
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e . L
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0 0 0

Vertical Vertical Anterior Posterior

Trajectory Groups

Anterior Posterior Vertical

Trajectory Groups

Anterior Posterior

Trajectory Groups
Figur&l4Percentageeragitioe VOI¢rand the putardewvéd thibiree test infusion time points
(Week, Week 40, WeedspctivEly)z 10 Nueior 6, Posermo2etC) VOI coverdgeSa 126(STD)
(vert), 29126 (ant), ¥AB6 (postR.z72 1Pb (vert), D236 (ant), FA Y6 (postfz6%* 186
(vert), 93126 (ant), 8826 (post}f) putamen covepgd8lt 124 (vert), #11% (ant), 5126
(post)z.738& 1% (vert), 6@ (ant), 53A6B6 (postR73612% (vert), 5906 (ant), 5486 (pokt
Note: the anterior groups in boxplots b) and c) are skewmygafhing 0 o r fefharkmany ¢ r [ s

faanNneg wrn 4rdNE RfWIJOINS. LS ¢
percent region. A single data pofit redlmn 78 correctly shown as an outlier.

Despite a constant infusiorhe@ngee ot distribotverage vadigrsficanthcreas@e(2,207) = 23.7

p<0.001) over the 80 wéad0dB076/4€19181,26BY82,68A1,13Figurdl®)With the largely

consistent VOI and putamen coverage shown above, the increased coverage was asitside the intended re

U

| ®N MNP wf sN

Calculating the ratio of coverage retamedmsidottiet outside over the three test infusions shows a significan
decline in the average oéiahigate inside the target tisg&€25tA0&)re29.22, pFodRo3 L D).

Pageb8- 0f194



12000 : 1
T T
= 10000 l ‘
£ ' | 08r
= : I o | +
S 8000 — | =] —
S [ ) L I
= | ¥ 0.6 I —_ |
2 6000 ‘ 5 !
® = |
a ' ‘ © 04 ’—‘—‘
- | I 9] I
S 4000 \ |
2 | | © . | |
g | ' L 0.2 e
S 2000 - . 1
0 : s ‘ 0 ‘ ' '
W-4 W40 W80 W-4 W40 W80
Test infusions Test infusions
a) b)

Figur&15a) Total hemisphgri@abf the brdislribution volu)elV, ratiaetained within the bounda
of the putaroeer the study pgria®/groupiiar 4,761,560 A(®TD)3.5 6,553 A#rl, 721 fmim
1367 6,437 = 1,99 Iojim,=0.48570.13205,50.34680.098%,,70.35840.1219

3.4.4 Delay to M§damacquisition

The delay timedst completing the infusion and acquiring the T1 weighted MRI scan for
significantly (F(2,103)=5.1, p=0.00&)avarepteel first test iffigaid@il &) with the average delay ris
fromd3min®\H4) toc7min®UQ and finaimin®\B0)The increase in average delay was not asso
small number of sudeost patients experienceelaysgbetween the comphetioriusion and the

acquisition of the T1 weighted MRI scan at followigutgdinfusions (

150 1

@ 100 T 0 =
é \ -1 | E) —_
) \ o ———]
£ | & =y
= 50 =
L ' =]
‘ I —
| - I |
op - . . T
W-4 W40 w80 -80 -40 0 40 80
Test infusions Time (Mins)
a) b)

Figur&l6Average delay times to acquire the post infusion T1:\&@ghigdiiviel teshmnfus

time pointggeld, 40 and @&-35/grolp,~ 43 28 mins (STEK 57 £ 21 miggs 6& 21 ming)
changan delpgr subject between first and second test infusion
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3.4.5 Correlation analygstaimerolume andverage achieved

Viewpoint - Left VOI Coverage Vs Putamen size, W-4

1800\Iiewpoint - Right VOI Coverage Vs Putamen size, W-4
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18 aliewpoint - Left VOI Coverage Vs Putamen size, W80 Viewpoint - Right VOI Coverage Vs Putamen size, W80
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Figur&17Left and right VOI coverage plotted against the averagebputeidcalyolasield) e

week80

RositivBearson correlation coefficients were catdateteshipr ibeveen ivDEesed9.49Figure
31Af) and putaiined.0B.34Figurd1&f) coverage withasenlesize of patient Zigtafipance is only
obtained on the patient left for the VOI coverageFRigalBe#, iofiedihe putamen coweskge at w

40 FFigurd1l&).Negative correlation coefficients were observed for the percentage coverage of the putamen \
increases in putamen volume which neared significance at the firgasesigmficaioh dpwees4y)
(p=0.032) and was not significant at week 80 (p=0.384).
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Figur&18Left and right putamen coverage plotted against the averadp yatknen welkekdo,
ef) week80
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Viewpoint - %coverage Vs Putamen size, W-4

Viewpoint - %coverage Vs Putamen size, W40

Viewpoint - %coverage Vs Putamen size, W80
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Figur&l19Percentage coverage of the putamen relative to its size over the study period

a)

3.4.6 Correlation analysiatbéter feature placemeoveratjehdeved

Wealand insignifiaamt s s r [ Us nr B sONLY) wyere calculatpar for éhe dedatipesiiip s
percentageerage of putamen and the position of the OGT tip (theegflbo ititelgtiey featter of the
putamen at the first and second Fegtig2&ion (
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c) d)

Figur&20Caorrelation analyseptsf df the OGT tip (containing the recessed siey))istoveragelod
putamen at studgl b) W40, c) ratio of distributed infusate retained inside thé pathdjen at study W
W40

Significaptn W s r [ Us  js(r=81%7Npsd.Qdanp r=p.28&0.08%emhdvwedenobderved in the
ratio of infusate retained ingjeestnedtare by placing the OGT tip deeper into the boundary of the putamen a
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firsiand secoest infuss@igurd2@-d). This correlation weakdhwaélkes implantation fa0-@dains
significargEigura2@).

A medium strersigimificacarrelation coefficient/(p=D3P4vas calculated fozldbienstiptween
percentagwerage of putamen and the increasing distance between the tip of the catheter ¢
putameridurgd2®). Tik correlation disappeared by the second téptDHBHIY(F82 D).

The ratio of infusate retained in the structure was largely unaffected by the position of the ¢
population}{r6ip=0.561 &128p=0.054)4 to W48spectiveRiy(rad21-d).

100 100
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c) d)

Figur&21Correlation analysisawfogigrom cathefatdim trajecttryjutamen bouraagoverage
ofputamen at stMdgind b) W4éPratio of distributed infusatenstiertpaiiamen at studgiitl)
WAQ
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c) d)

Figur&22Correlation analydistahce from catheter tip (any direction) to putamen boundary, a) %coverage o
putamen at studyawd b) W40, c) ratio of distributed infusate retained inside thegndaihen at study W
W40

As abovsjgnificazdrrelation coefficient <0.@B%as also calculated for the beddtieaslpprcentage

coverage of putamen and the minimum distance (in any direction) between the tip of the catheter and the b
the putamieigrd22). This correlation also disappeared by the secondpte@Hibgtigiod- 2. 1

and the ratio of infusate retained in the structure continued to be largely unaffected ¢within the sample pc
0.0$=0.805)at the first test i siontighter growgtilg@vas significant (r=0.24/ (EQLO8Q)L-

d).

A dgnificabrrelation coefficiens@rp@®00®as initially calculated for the isddwengi@centage
coverage of putamen and the increasing step length of the RS@uiBsidy Tins pelatiwersiiip
weakenadd becamesigmificabythe second test infusiohp#80LB&igur82d).The ratio of fluid
retained inside the putamen was coarthtesgretgantly (r=0.129w0tPstep length at the first test
infusiofrigurg2®) butecame signifipatite second test idfigstorclose grouping of date0p@Bnts
p=0.0D%igura23l).

Paget4-0f194



Percentage coverage Putamen (%)

Distribution in structure ratio (VpPUT/VD

o

s}
—
o
s}

[ r=0.549 S r=0.160
r=0.301 S ’=0.025
80 | (o} £ 80f - ° © Oo
p<0.005 o o0 s p=0.188 o” 4 04
0 o0 g §o o ¢} E g% Qo o
ok o 80%0800800 5 oo f ° g o % »® o
o o g 8 ) &0 -
o & Qjé@ o0& o & 5] o 0 000 Iod
40f OO @ 3 40P o 00
~ [¢] 5] o Oo e} (9 8
(efe} ) ° 5 % o o
] o > @) fe) o o
20 © o o °© £ 20} ©
° 8
[0
0 . A A . ‘ . ‘ A P . . : . A : . A ‘
12 14 16 18 20 22 24 26 28 30 12 14 16 18 20 22 24 26 28 30
SLmin-minimum Step length (per hemisphere)(mm) SLmin-minimum Step length (per hemisphere)(mm)
a)
1 1=0.129 S 7
: E r=0.332
r’=0.017 2 ?=0.110
61  p=0.295 ° =1 p=0.005
© o [©) % o © pes
o ® E=
06 00 202 4 o Sosr o
o O~ P o 2 ° o
o o0 9 @ qg S 0o 0Q D
0° 8 © 8g° ° 4 E 0 o 0 %o BB
040 o 8 00 204 3 o @SO(%’ s 5
(¢] ey O'R
o) © 00
> ° o000 ° - S © o & 8° % oo
0.2 g 0.2 b© o)
>
2
0 L L 1 L L L L L ) }Z, 0 L L 1 L L L )
12 14 16 18 20 22 24 26 28 30 O 12 14 16 18 20 22 24 26 28 30
SLmin-minimum Step length (per hemisphere)(mm) SLmin-minimum Step length (per hemisphere)(mm)

c)
Figur&23Correlation analysis of minimum catheter step length (per hemisphere) inside put:
putamen at studyawd b) W40, c) rdistriifuted infusate retained inside the putafhandat$tudy
w40

Norsignificangrrelation coefficiedtsfp=0.222 &.65p=0.6B@ere calculated for the relationship |
percentageerage of putamen and the minime)ndi&anegafithe catheter wall (along the step |
and the boundary wall of that pldafinstnand second tes{Higfurdarsb).

Nosignificardrrelation was observed for the ratio of fluid retained through increasing the dist
from the boundary (into the(stuoG8EpP=0.58D&840/ p=0. HGura24d).

Pageb5 0f194



= 100 = 1001

g r=0.150 g =0.050

< ’=0.023 c r=0.003

g sor _ o © 2 8ot o — @

E p=0.222 5 0% g p=0.680 o 59

= o ® 5 o

Y o %0 o ® §° o°©° a o Q)Oo © 950

£ 60 ® o % ? 2 eof 8o o o 009°

s . o s o @ O

o O.0 o (o]e) o

o o © %0(8 o P FL o &o o 009,

S 40t ° o °° g a0 roxe) 0°5

g o o o) 0 % o&®0 o o

3] o e} O

° %00 o g o © 090 8 o

2 20 o S 201

& o a}

< c

8 8

& 0 L - L - L ! &) 0 L L L L L )
-5 -4 -3 -2 -1 0 1 2 -5 -4 -3 -2 -1 0 1 2

E-minimum distance along step to boundary(per hemisphere)(mr E-minimum distance along step to boundary(per hemisphere)(mn
a)

) a

S ir > 1r

= = .

E r=0.066 5 r=0.040

% sl =0.004 o 50s| 170.002

z = < =0.742

S p=0.592 © o o9 o p=0.

® © o 00®@ ®

061 o o o 1o o S 06 o

o o o o 8’0 2 o o

E ° ®c 6% & GBO@O g o0 o° &% @9° oo

5 o o o S L o o) O

204t % oo °w © Q58 204 ) oo SHO

7] [e] ”n O = O g SeYe)

c e} o} 8 [08) £ o0 % o ® (% o}

§oaf © ° ® Ho- 587

3 3

i 0 . . . . . L ' ) . . . . . )

o 5 -4 -3 -2 -1 0 1 2 o 5 -4 -3 2 -1 0 1 2

E-minimum distance along step to boundary(per hemisphere)(mm) E-minimum distance along step to boundary(per hemisphere)(mm)

c)
Figur&24 Correlation analysis between minimum (or negative) distance from catheter stepped region to
putamen boundary, a) %coverage of putathanchbsiu0\¢) ratio of distribikeeiafined inside
the putamen at stddynd/d i/

A positiaad significantelation coeff{crEhd<0.005as calculated for the relationshipdgiveéen a

equally weighted mixed variables (i.e. Catheter and O@taipgpobiiamdkominclusion of the whole
stepped region within the putamen boundary and increasing step length inside the putamen boundary) ¢
putamen coverage at the first test infusion. This camneldieramesikgmiezhfurthe second test
infusiom=0.171/ p=0.158)
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Figur&25Putamen coverage (%) plotted against a mixture of variables (Step Length, Distar
structure, minimum distance of the catheter from the putamen boundary and the minimum
the boundary of the structutee(atepdangjhyeek b) week 40
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Tabl&1 Tabulation of the correlation c¢&fjiuigsaat values shown in green)

Fg Variable A Variable B R R2 p

3-11a |Step Length (mm) PutamenVolume (mnd) 0.150 0.024 0.197

3-11b |Step Length (mm) Putamen Volume (mf) Posterior only] 0.341 0.114

3-17a |Left VOI coverage (W) Average Putamen Volume (ni)n 0.355 0.126¢

3-17b |Right VOI coverage () Average Putamen Volume (ni)n 0.094 0.009

3-17c |Left VOI coverage (W40) Average Putamen Volume (nim 0.492 0.242

3-17d |Right VOI coverage (W40) Average Putamen Volume (ni)n 0.262 0.069

3-17e |Left VOI coverage (W80) Average Putamen Volume (nim 0.483 0.234

3-17f |Right VOI coverage (W80) Average Putamen Volume (ni)n 0.305 0.093 0.074

3-18a |Left Putamen coverage (M) Average Putamen Volume (nim 0.280 0.078 0.110Q

3-18b |Right Putamen coverage ¢4 Average Putamen Volume (nim 0.18q 0.033 0.30(Q

3-18c |Left Putamen coverage (W40) Average Putamen Volume (ni)n 0.342 0.117-

3-18d |Right Putamen coverage (W40) Average Putamen Volume (nim 0.026 0.001 0.883

3-18e |Left Putamen coverage (W80) Average Putamen Volume (ni)n 0.322 0.104 0.059

3-18f |Right Putamen coverage (W80) Average Putamen Volume (nim 0.227 0.052 0.189

3-19a |Put coverage (%), (M) Putamen Volume (m#) 0.230 0.053 0.059

3-19b |Put coverage (%), (W40) Putamen Volume (m#) 0.256 0.066-

3-19c |Put coverage (%{y80) Putamen Volume (m#) 0.106 0.011 0.384

3-20a |OGT tip depth into structure (mm) |%coverage of Putamen (W) 0.165 0.027 0.180Q

3-20b |OGT tip depth into structure (mm) |%coverage of Putamen (W40) 0.089 0.008 0.465

3-20c |OGT tip depth intastructure (mm) Distribution in structure ratio (\M) 0.497 0.24

3-20d |OGT tip depth into structure (mm) |Distribution in structure ratio (W40) 0.283 0.08

3-21a |Dist catheter tip fromboundary(mm) |%coverage of Putamen (W) 0.346 0.12

3-21b |Dist catheter tip fromboundary(mm) |%coverage of Putamen (W40) 0.089 0.008§ 0.465
Distance of catheter tip from structur

3-21c |boundary (mm) Distribution in structure ratio (\M}) -0.072 0.005 0.56]
Distance of catheter tip fromtructure

3-21d |boundary (mm) Distribution in structure ratio (W40) 0.231 0.053 0.054
Min distance of catheter tip to .

3-22a |structure boundary (mm) %coverage of Putamen (W 0.430 0.18
Min distance of catheter tip to

3-22b |structure boundary (mm) %coverage of Putamen (W40) 0.079 0.00§ 0.515
Min distance of catheter tip to

3-22¢ |structure boundary (mm) Distribution in structure ratio (\M) 0.031 0.001] 0.805
Min distance of catheter tip to

3-22d |structure boundary (mm) Distribution instructure ratio (W40) 0.236 0.05

3-23a |Min Step Length (mm) %coverage of Putamen () 0.549 0.30

3-23b |Min Step Length (mm) %coverage of Putamen (W40) 0.160 0.25 0.18

3-23c |Min Step Length (mm) Distribution in structure ratio (\A) 0.129 0.0lj 0.29i

3-23d |Min Step Length (mm) Distribution in structure ratio (W40) 0.332 0.11

3-24a |Min distance to boundary (mm) %coverage of Putamen (M) 0.150 0.023 0.222

3-24b |Min distance to boundary (mm) %coverage of Putamen (W40) -0.050 0.003 0.680

3-24c |Min distance to boundary (mm) Distribution in structure ratio (\M) 0.066 0.004 0.592

3-24d |Min distance to boundary (mm) Distribution in structure ratio (W40) 0.040 0.002 0.742
Mixed variables (percentage of

3-25a |maximum values) %coverage of Putamen (W) 0.451 O.ZOF
Mixed variables (percentage of

3-25b |maximum values) %coverage of Putamen (W40) 0.171 0.029 0.158
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Tabl&2 Condensed table of significant correlation coeffiGiabt8DHnly (from

Fg Variable A Variable B R R2
3-11b |Step Length (mm) Putamen Volume (m#) Posterior only| 0.341]
3-17a |Left VOI coverage (W) Average Putamen Volume (nim 0.355
3-17c |Left VOI coverage (W40) Average Putamen Volume (mim 0.492
3-17e |Left VOI coverage (W80) Average Putamen Volume (mim 0.483
3-18c |Left Putamen coverage (W40) Average Putamen Volume (nim 0.342
3-19a |Put coverage (%), (W) Putamen Volume (m#) 0.230
3-19b |Put coverage (%), (W40) Putamen Volume (m#) 0.256
3-20c |OGTip depth into structure (mm) Distribution in structure ratio (\M) 0.497
3-20d |OGT tip depth into structure (mm) |Distribution in structure ratio (W40) 0.283
3-21a |Dist catheter tip fromboundary(mm) |%coverage of Putamej-4) 0.346
Min distance of catheter tip to
3-22a |structure boundary (mm) %coverage of Putamen (M) 0.430
Min distance of catheter tip to
3-22d |structure boundary (mm) Distribution in structure ratio (W40) 0.236
3-23a |Min Step Length (mm) %coverage of Putamen (W) 0.549
3-23d |Min Step Length (mm) Distribution in structure ratio (W40) 0.332
Mixed variables (percentage of
3-25a |maximum values) %coverage of Putamen () 0.451

Pearson correlation coefficients, coefficient of determination and the probability (for3
tabulated abbakl@1) wih significant correlations condensebf@&her in

rem a

3.5 Discussion

3.5.1 Manual profiling of the infusion distributions

An assessmente ofiglvpoint asalysthddetion3.3 ) lwas performed using three industry exp
neurosurgeons who were associated with the development of the method in Bristol, and a tt
were first requoredad through the work instructions on the method and confirm they agreec
asked to profile 2 objects in the surgical planning software: a chamber filled with a gadol

concentrationinsadp and arample vivimfusion into the putamen of a study subject.

The chamber was previously measuoedinsiagreasurement machine (CMM) and the intern
calculated at 32(r88l. Each of the users profiled volumes xdeis$ eidhesib$e/b.

Comparisonbetweentiper e f s orr non rrf owi N w UfBIN
each personality played a greater role as the users stated that while they agréedositbragntio
define the border of the infusion, they each left varying amounts of white matter present in

included or excluded infusate depending on whether they felt it was iRgjde8@8 region of inte

This produced a large variation inatsesckGb@s04| (ratio~1M)is variation between users wi

largéo provide meaningful comparison beandengapesdseé a single, dedmaéeator
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Key

Pink outlideutamen bouno
Blue outlideser A

Orange outlinser B

Green outlinse€

Figur&262D profiles of a real infusion in the putamen of a subject (pink outline) provided by three neurosur

d sNwrwitsds re w ndee N susatauthogsingnhenmargudl adjusiniest pfs ¢ r [
contrast and brightmesededbove (s8cBfinvhere the anatomy was removed from view by thresholding the

image to leave the much brighteriadaliration between rppeatsiarked.44.94n|ratio 1:1.1)
with overlapping profiles proving to be nfeigu@2gistent (

L

Figur&27Numerous profiles around an infusion from four repeated analysis performed by a single user

Lodgs odraysrUININ[S Jws wppNyJwumyp N ers [N [ B)rSN,
test infiosis and also between subjects.

3.5.2 Putamen volume

Earliggublishedwqrkn s [ ¢ cwyf Nn [ ®N 1 r 1 f N re [ o®N 06 [ wyr N o
diseaspdtamen (ngdtkents) had an average vol#nE2of(Babge; 288crf) while PD participants

(n=1patients) had average putamen valdirheshphdge8 3029ch(Yinet a).2009No statistical
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significance was found begwiggnt and left hesisihereach gibotigmaller brains were attributed

increased age of the subjeetdtirthe who were on average iBtlyaarthokiein the PD group.

The average putamer{RigiuB¥g of the 36 participantngwenisation) within this study was 4.39
(range; 323€m), ~0.dn(10%) larger than the average volume previously publishddrdisartteffc
administration (infusate) volume to all subjects in this study, the infusion pbbatreteras
(60Ql/putamen) which assum@d mtolpvoviding a @1@avA) distribution volume (assuming all ir
was retad within the target stBuctira)imited infusion volume cobweoulg 8nly coved®bef the
complete putamen gblubgects in this study

Where maximal coverage of the target structure is required, optingatidoh srenift irargktevible
in the calculation of infusatervdbs®less sushaadardisattep is includedte clinical workflsw,
unlikely that con{pletptimised) tangetage can be obtained without ovempgnsiate toicthe natu

range of putamen sizes.

Such patient specific medicine has recentlintzesvedeasatbdn the optimisation of therapeutit

to treat neoingology indicgfiRaghavan, Brady and Sampson, 2016)

It is perhaps counterintuitieettizgritieo general trends in the total volume of tissuBigov@t&s in th
f) and the putaRigar@1&f) increased as the putamen volumentteesede typically positive
correlation coefficients showing the strongest values in the period immedigtedgtioifosiog an
WH4)though few are sigrifferaentage cosefdlge target structure do however decline with incre:
volumeBigurd1%c), indicating that wiate tissue was covered, this was outstripped by incre
volumd his observation neared significance at the fixt pesd.0B03jove@/éignificant at week 40
and was not significant at week 8th(pe038din total coverage may be possible by increasing
volume for larger str@areges toutgcal trajectoonfiguratiorpasdion of the ingiégpitly a role in

retaining infusate within the targdatstasingaofusolume to match putamen volume maintaining

V4V ration is however a logical step towards optimisation, maintaining a therapeutic dose pe

3.5.3 Catheter assembly step length (SL)

As the investigator leprsgrdgsed, the target structuredvasinotubaswhadétheputamen over the
small&fOl alone. While the clinical protocol remained unchanged, the choice of surgical traj
anterior (and later posterior¥ tb@iegidareoured over a vertic&igp@dach (

The change in trajectory sidRrifi;aB8y=104.58, p#icéfd9ed dheradgength of the stefe itise
putam@rigurdl@b). Step length ranged f8dri@A.3/ertical 12ABm, Anterior-25.6nm, Posterior
17.4.2nm)Rositive trends in thengiiperenost obvious in the posterior group which aligned the
long axis of the target éfigat@rE).
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3.5.4 Coverage of VOI and putamen

Increasé the step length were associated with a significant (F(2,67)=22, p<0.001) rise in the percentage of
which was covErgdr@14l) Previously publishettandn vivempirical testing limited the step length to a

few millimetres but infusions were retained below the inhibit{(gllet e 20 $8)bfeataeons of the

clincal infusion morphology indicates that the fluid flows from the catheter tip to the step, with the step actir
and limit the extent of the reflux. Further wotiaiacéepiseednd optinfieethis e

The average percentage obvtbe VOI and the whole putenstatistically significant between any of the
three test infudtomsr@ 1 2Figurd13, suggesting a maintenance of the implanted systepioperformance. Sub
show a varied picture however with a lowering of the percentage coveragaedimibde ghéengoséseor group

in the othever the three test infigioB4 4af).

Decline in the retention of the infusate inside the target structure washasiieleoimdsancketicaddassiver
infusionBigurd2&c). This was not common in all cases however with many implants maintaining a high le
coverage over Wved0study pdrigdr@2&H).Visually there was no obviousdidtersn these cases

on the pamd pastplant MRI imafésh might lead to such disparitiderm therformgance.

The ratio of the infusion whiamedside the target tissues declined after th® {{[FKRin20spr (W
29.22, p<0.0Bihu(81H). Average percentage coverage of thee@hanohutherefore have been

maintained by the significant increase (F(2,207) = 23.7, p<0.001) in the volume of tissue covered by each t

It is hypothesised that declining performance in some patients may be liglkezisovtiieleriaptis reactive
present at the cellular level which would decrease the permeability of the tissue surrounding the catheter.

required to understand how this could be limited or overcome in this treatment population.
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Figur&28Post infusion T1 weighted MRI scans of two subjects over tlz) B0884ke11)iF03®Ns
W40, c) S0880, d) S022, e) SEAA0, f) SOR30

3.5.5 Delay to MRI scan acquisition

A contributing factor to the ineedassdectorded at successive test infusions was the significat
between completing the infusion and acquiring the T1 weighted MRI scan for distributior
p=0.00FBigurd1&). Average delays rose from4Boib3riiivis (W40) and finally 60mins (W80)
longer periods faotieentrated infusate to diffuse into the surrounding tissues,ficoreasig tl
observddelay time alone is however poorly correlated with total volume of tissue covered a

second (r=0.06) test infusions suggesting ¢batrdther fadtoes/olume of tissue covered

3.5.6 Position of ththeter and the reflux inhibiting step in the target structure

Previous publications have retrospectively reviewad ithplausitippobiroeannula in the primat
putamen and assessed the retention of infusat€Yimeita 2@14fFuctardis analysis a series of re
and green zones were established which provided the best ratio of retention using the speci
investigatiohe Tegions werdratsferred manually onto corresponding human MRI slices cre
regions for the thalamus andobdeimstestrate the translation ofFiger@2%dod (
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B:'Hﬁman

Figur8&29Red, Blue, Green targeting Zonemfutharaprim&telRand b) human Put@afimeat
al., 2011)

As previously dedoyilégit et al. 2018¢catheter used within this study was a recedisietestiepraatheter

the externally stepped cannula deéGilleechgP@i8As suche thiffering infusion characteristics would
negate the application of the previoslygtglenbety guide which defines only the optimal cannula tip
position. As the RS dspoint sodeveebutr [ N [ aontrplledfrafhimewniowledge on optimal

placement is required.

*controlled reflux will be discussed in greater length in later sections but briefly it describes the expected
between the catheter tip and the recess, housed in the end of lififeoresthest denddolbet as a

sphere, from a point, but as a long cylindrical form which is defined by the step region.

Areview of the catheter assembly features and their position within the target structure was performed to i
were therdinant features resfoomskienising coverage of theFmueg3en (

Figur&30Physical placemeatleeters inside the putamen

As the OGT tip houses the reflux inhibition feature of the RSC, locating this as close to the boundary (witho
it) could maximise the coverage tiittarargeespercentage of the putamen which was covered did not howey
significanttprrelate with OGT depth into theveuthmeirst and s€écod@1p=0.780 &.47
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p=0.48bigurd2(Q. Weakly positive trendlines indicate that greater coverage might be achieve
deeper into structure, but there was too much variance within the data to show thisthEhe re
putamen was hovwggwicanthffected by the position ofahbdiiGiirst and second tesfritflgsions

p<0.005 & r=0.283/ p=Pladi8g it deeper within the grey matter indicates that less of the inf

refluback along the catheter track.

Increases in the step length also coregldtesifica@i).32<0.00&ith coverage of the ptithemen
first test infusféigura2&) While remaining a positive correlation over time the signefeacmeddr
test infusion (r=0.159/ p=0.188).

Increasing the distance between the catheter tip and the boundarynof)tbersttestidreupnd 3
significanty0.34<0.005 &.A8p<0.00%ith increased putamen [Eiguedife Kigurd22).

In the transverse anatomical plane, the putamen can be visualised asakimaticachgreyomertsice
moorF{gurd28 pink outlin€atheters entering from the posterior typically skirted the medial as
With the step region in such close proximity to the boundary of the putamengetedtioharf<lundh
would be expected. While rational, the large variation in the coverage and retention values
(Figurd24, this igkely as result of the balance required in the placement across multiple featt
¢ | (Sgnificapiticorrelations wereTabl#dedth representation from all variables reviewed at
the studyenerally, placing the catheter tip, OGT tip and step length (between the two tips) f
to positive increases in putamen coverage onsatentienpottéioidn. Distancesabeld=8 minimurr

coverage or retention valueBigl@82@,Figurd2h,Figurd22)at the first test infésaetention or

coverage were not interchangeablealiésiS propogpddidiae whiths to increase the lowest cov

values batuires further validation.

As no single feature was todeteamirtiegcoverage of the structure, four variabksdweesgboddte
equally in a final correlatigirapdlysr variables were saiptiEmggiof the OGT into the structure; r
distance of the catheter from the putamen boundary; minimum distance of the catheter to
(along the step lengdy. n r | | w4 wiprgpeogatébwdibraficapositive correlation 2/=0.4!
p<0.0p%n the putamen coveatfge)ing the balance required in maximising several factors w

surgical placement of thaliR&@e centre of massfappooaicsource delivery devices

It is hypothesised therefore that optimised initial placement of catheter features in line with

will provide improved coverage of the putamen in future studies;

- OGT tip should be plxcedsroi®n into the putamen boundary

- The tip of the catheter shouldrhendlacedt: distal boundary of the putamen

- The step length should be maximised within the confines of the putamen

- The length of catheter between the cathshendatd ©c&htiiplised within the long axis of tl
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Generally, benefits observed from placement of any feature at the time of implant was not maintained thrc
infusion at 40 veaekbeyond can be seen in the drop in Sithe@floameme\v@riables positioning plot at the

second test infusion (r=0.17 1k psOylp@hesisedehedttinal formation of a gliotic sleeve surrounding the
device, and the lack of opportunities to modulate the infusion regpooitd tomBustisatevorys

required to characterise and optimise the implant, design and use of the catheter systems for chronic use.

3.5.7 Clinical trial outcome
While beyond the scope of this body of research, it is of note ttabdeastpeicad @vickeadest in man

study investigating the repeated, intermittent delivery of GDNF to the putamen in patients suffering wit
yws l ¢ gWhoré g).201 3a sVWetigg.2019b)

The primary objective of the study was t&mchprosenizht in the motor function of the study subjects (as
FNwsfsNn fsoraE JoNn 1rdedNn yuwsldrsrrUs adsNwsN

While anecdotal evidemoe slibjaeievisedaBBQlocmentany February 28idgests improvements in
activities of daily living, including motor function, overall the study failed to meet its primary objective.

Previous failures of this therapy may have led to an overly conservhtigtistidgelasigeevscaldiion
arm, where increasing amounts of drug is given to evaluate if stronger effects can be seen in higher doses,
produce a toxic or negativésgffesdible that the dose administered he@wwaspsodpbettdtel level of

improvement across the whole study population which was required.

A follow up study investigating the improvement in the subjects in the extension phase (between 40 and 8C
infusions) highlighted that whiesteikcamt overlap in the motor scores of subjects who received drug and th
who received placebo, subjects who had-paneateprinzenidht in their motor scores were limited to those
who received the GhiblBuggests that thesesubgdiaf patients for who GDNF is more efficacious than others.
However, as this part of the study was open label, and all participants would have known they were on drug,
cannot be ruled qutyas] ¢ r s r  Us napsafferupsge placand effects in shinisganals |  r [ [ [
labebbservation hmayeverarrant further investigation and be a critical lifeline for a potentially curative treatmr
which has had significant hurdles ¢écctieivatateitenterniighublicised potential.

3.6 Conclusions
Thidirstinrmanchronically implanted drug delivery system successfully provided intermittent administration

article to targetgidns of the brain ovweeak 84udy period.

Limitations in the study design have been highlightedfutidmpftargroteritah clinical study design or
optimisedipat treatrsestichthestandardisation of infusion volume or drug dose based on patient anatomy volu
To assess system performance a consistent analysis time should be &geltdd!ikdeningeb Risime

infusions and between patients.
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Surgical planning of future implants should seek to optimise the implant |o@etisimosiftigucathe
332 by positioning the

OGT tip should be placed in exneaasoath® putamen boundary
The tip of the catheter shouldrhendtacedi# distal boundary of the putamen
The step length should be maximised withitn¢hgutanferes of

The length of catheter between the catheter and OGT tip should be centralised within

Example asymmetrical
S neuroanatomical structure

., ‘_C_a_t!] tip >3mm
<« OGT tip >3mm

<« Maximise step lengt

I

Figur&31Proposed recommendations for RSC feature placement

This surgical planniny stpaespat short term, best option for maximising coverage of the te
upcoming clinical ttiEsunlikelyepresent aderng solution foriost@ftinfusates inside the target st
which appears to be negatively affected by long termaimmglessitign projplortion of the infi
accumulating outside the target staungtsehjéictoes however representahimdpgsiist from the

available ldegn evidence in human subjects who have received intermittent infusions for 80
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Take home message

Chronic, intermittent delivery to the brain is possible over at least 80weeks.

Variationsdistribution patterns occur between patients, and also within theusamtbqaétiasibtyer time

differences on the post implant MRI scans which may provide indications.of poorly performing devices

The surgical planning guidelineefett®pthe RSC offerademetiafor the optimisation of the implanted

catheters. Further work is required to fully characterise the catheter performance.

3.7 Future work
Further work is required to characterise the infusion chatacterdgdtite &R8dirdesign in addition to

understanding the effects of long term implantation on the permeability of the tissue surrounding the site of

Recommendations for the position of catheter features in surgical planfuhg slotioldabenmpéanitsred

to assess the assumptions made in this retrospective review cliiadithicphmtimfrpatient
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4 Evaluation of brain mimic materials for catheter design evaluation

Thischapter contains work pfiblished ¢ [ [ ®N Visocodaktis ¥s Apasoses hydrogals| a
phantoms for catheter devélepvserwoolley and Johnson, 2018)

4.1 Motivation

The recessed step catheter (RSC) used in the clinical study described above was develope
reflux of fluids back along the catheter track. This is achieved through the inclusionaeftan int
and inner guide tube and tl@ibeitlag013yhe distributions from the catheter wereitist tested
agarose gel model befdrallsimyivan the porcine model. The embodiment o$dde rcatieser
experiments had a step |EigB@deetwee @m which was comparable to other devices tria
experimef@gdlet a].2013)

Within sectBihwas obsetliatithe step lengths used within the clinical trial did not usentime catl
step embodimesigbificandytended the tip sectionb8tyveen 1 | I N[ EJ] ® [ r 1 |
putamekethe step lengtidpmr®f the highest correlation coefficients for overall pigar@@&gover
it is clear that this is a dominant feature of device performance and optimisation

A detailed evaluation of the catheter yaesfmgntoecstep length feature in-dim@caitanatreclinical
lengthstlerefore requiok@tacterise and optimise the infusion distributiénsuitsihiptteoRR1E|
is therefore required which can accommodate the magnitude of clinically translatable step le

4.2 Introduction
Prior to embarking on a large volumyeaskkedsmesiots of the chronically implanted catheter desic

a review of the experimental substrates was conducted.

Agarose gel is a validated mimic for greyhitdtteaditessd to investigatediga of cannula and t
digribution of infusion#r¢Chent a).2004; Kraakz@).2005; Gl a).2013; Ivanchenko, Sindhwan
Linninger, 20)@)Jidation was perforr@éen (200dinparing &0gel to porcine brain tissue usin
metrics; needle insertion force, line pressure and distribution volume (conpasibte ttradafusic
the gel to a live pig).

Agarose gel, like gelatines are however brittle and prone to fracture during probe or catheter
not seen in clinical applications. Some groups have sought tosgitncptine ¢aks lanodiedotheir c:
prior to test{lhgeshet a).2017)While this provides concise, spherical infusions, it avoids
characteristics of implantation which is the trauma caused during implanitiatotetrinemiehn
effects on the outcome of(iNhisédre$.2011a)

Alternative phantom materials have been shown to more closely mimic the mechanical c
Composite hydr@disomprised of a polyvinyl alcohol (PVA) and phythgeé (@thibited simile
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viscoelastic properties to porcine brain during needle insertionfandet@poassileitestjog)
20165canning Electron Microscope (SEM) imaudisaié thargelsporous structure to the gels. These gels

mayherefoo&fer improved resistance to cracking during catheter implantation.

Here this viscoelastasgalaluaedn alternative to agarose gel for the investigatiogR&Gnfusions
4.3 Materials anetimosl

4.3.1 Agarose gel manufacture

A container o%®0(By weight) agarose gel was prepared by mixing molecular grade agarose gel powder (Seve
LTD, UK) with concentrated (x5)-EfiDRdratier (Severn Biotechdeibt)ised water. The mixture was

heated in a microwave for 5minutes, stirred and then heated further until all powder had fully dissolved. The
was decanted into clear, rectangularrglassifhalled@@ to cool naturallyeamperbient where the gel

set.

4.3.2 Composite Hydrogel manufacture

The&CH samples were prepargdibg dry phytagel powder and PVA grabugsosegewagesnules were

separately added to deionised watardastit teebfesing a nstigedtic O untthey had dissaned,

the liquid becamdFatpad-19. This would typically take ~1hr. PHY and PVA solutions were then mixed in a 1
ratio and mixed for a further EOmuirdite)SE vaporation was mittimisglout the heating cycle by loosely

capping the glass vessels. Weight assessment of the clear solutions confirmed negligible liquid losses, lim
359 from the 1500 eaatigion (0%S3.

Figurd-1 Composite hydrogel manufacture a) making a paste withiéiibéegoveder, dndrdeng the
PHY and PVA solutions on a magnetic hot plate, ¢) Mixing the combined solutions to.make the final CH pre

Thenanufacture of the CH wasthotverdigind required some development beyond the basic text provided
journal papers. Phytagel in particularonoatttellistea large body of water and would not fully dissolve even
after several hours of heating and mixing. iyreauimpaapssial amount of water and manually mashing the
phytagel together before transfer to the larger body of water was effective in fully dissolving the PHY with
timefranfféguré 10).
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Once mixed, the molten solution was deca/itexilnhsdi bespaoatainers (56rT6X Hs@ allowed tc
cool to ~86°C Theecontainers were then loosely covered with cling film and transferred t

(temperatu23)where samples were frozen overnight

Two CH matiosere assesse®VA/0 BPHANG%PVA/O BFHYith a minimum of four eaniples

4.3.3 Indentation tesfstgictural testing of the samples)

CHamples were removed from the freezer and allowed to thaw for a minimun{foi2 4 &nsd s0
per CH variation and four samples oT aganoetigat)sampiesconsistent with previously publist
(Fortet a).2016; Leibieget.201@)N indentation test was perfotisanopl edl.

A6mnspheridibhmeter indenter was attached(f\al te@adcedll Me#t 2.6lecmesin LTD, Susex, L
and driviencompresaitdb.tim/s until a nominal contact load was rethededdGadN)splacement
then zeroedfsghericatienter was inserted at a fixeshvaieaaghaximum deptinof 6

The indenter was then held in @doegthBOMad relaxation data.

Agarose gel samples were also assessed but were not subject to release through inspectio
exists to qualify af@arossing.

Figurd-2 Indentation test ideanediultiTest 2.5 force test stand, b) indentation test of (

4.3.4 Infusion regime and line pressitweng
RSC watereotactigaliyianted irstmapigels using a dedicate(Figsté4ds).

Trypan blue(@yo)lone or in combinaticGaaiiniam based contrast agent|(Brabemgeee infused
into the gels, rampioggato flow ratepdntin over 40miawuids)ivering a total infusion volymheerf 40
catheter. Line pressure was @tofdsidriefusions e@naged using a magnetic resonance ima
machine (3T MRI, Prisma, &i¢nee@grdiff University Brain Research Imaging. BeBDeFICUE
weightestan sequence was used to image the gel containing thesgHtadinE4ndasiBhp(T

angle=18lice thicknessnlisometric voxels]).
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Stereotactic fri Syringe
pump
Gel sample Suction ul

Figud3lt ef s¢r[ [ NsJOrE, W) +tpoNTwf ¢np re &Ny ¢ro6fs0
real time infusion test rig housed in a Magnetic Resonance Imaging (MRI) machine with 6m lines extendir

pumps in the control room

4.3.5 Infusiomorphology assessment
Distributions wistgalisgdtwo waybe MRI scans were reviewed, and the gels were also sliced and photograp

(comparison in situ was not possible under ambient lighting as the CH are white and opaque).

4.3.6 High speed imagesitagpf implant

Samples of agarose gel were pidgntdalugitholystyrene spheres whdedpsaitenlear chamber
slidedMlicrospheres were used to aid visualisation of the strains within the gel during®vice implantation (e.
diameter tungsten carbide rod, used clinically to create the track for the catheter, was used). High speed
perfored to asgpscompression and obvious sigsstbé teatings inserted laterally into the gel at a rate of 1
mn's to a maximum depthi{Bfduré4andriguréb).
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Mikrotron MotionBlitz Cube2
High Speed camera

Luminescent stereo
microscope with

up-lighting
Mikrotron recording software

Bespoke
linear
 driver with
fixed gel
station

) . = aa ¢
Figurd-4. High speed iImage capture test rig
e/ Jws r(rf 1rssodmiN [ Or WEN 953 S[fBWO[S T

Imagacquisition was performed using a Mikrotron MotionBlitz Cube?2 high speed camera. Ch
beneath &chdight microscopy stand-igtitibgcRod insertion and withdrawal were controlled v

actuator mechanisnbyliduah stepper motors and controlled by a programable AlrdyLnéSmicroc

Microsphere impregnated gel chambers

<5 Computer
- interface

Figurd5 Microspleegel samples positioned beneath the microscope and within the controlle
mechanism

4.4 Results
4.4.1 Indentation testing
Linear rigeforce were observed for theixiwodsHiuring the inden{apberieat indemitdryhe higher

PVA and PHY content havieudp stdthrafpeak force:-0.88)(Figuré6). Boh Chnixturexhibited a
viscoelastic relaxation curgequritfdenold perios) 500réd7). Agarose lgmlvevekhibited repeatable
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brittle fractaharacteristics. The indenter ruptunexiitime lyuafadendn inserti@pt{peak forces:0.34
0.50N) Once the surface was ruptidekiesultant forces quicdfFajssdoat

0.8
0.7 A
0.6 ——Agarose Gel - 0.6% /
=05 ——CH - 5%PVA/0.59%PHY
50_4 ——CH - 6%PVA/0.85%PHY /l’_/ r

£0.3 PP S
0 e ™~

01 / e e

0

2 Displace?nent (mm) 4

Figurd-6. Indentation test of agarose and compqSEMhydnogethowh per material)tested

o 0.8
2 5 | ——Agarose Gel - 0.6%
"© 0'6 ——CH - 5%PVA/0.59%PHY
o \ ——CH - 6%PVA/0.85%PHY
Q 0.5
5 \‘\l\
o« 0.4 ,\i_*\_}/!_\{
O 03
0.2
0.1 — — —_— — =
O . - - -
0 100 200 300 400 500

¢CAYS 04&av
Figurd-7.Force relaxation curve following indentation of agarose and(&ihp caitgehghlovgkels
per material t¢sted

4.4.2 In line pressure monitoring

The total infusion time fopthefd€lon was ~1hr40mitsrgMevealed higlean line pressure in both

sets of CH samples than in theFagaré8e Bebk line pressure in the agarose would routinely reach a plateau
once the peak infusion rate had been reached, but the pressure in CH samples would rise to a peak and th
over the duration of the experiment.
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Figurd-8 Infusion line pregSiEkiangen=4 per material)tested

4.4.3 Infusion morphology

Infusions into the agafeiseges ad) occupied the region defined between the cathetaatttheand
OGT tjps expected from clinical infusions preVmusB2dadd) Minor reflux was visible on a si
infusion extending to the sheefgeé trifusion distributions of the GBCA anihtoyfieenCitieiloiyed

highly irregular infusion patterns which were not consistent with either agarose or clinical dis

~n
oy
w
(==
S
o
wv
o
o
(=)

Figurd9 ab) Trypan blue infusions into agaroR&@etlugimy gadolinium infusion in agdrose g
MRI image (left ) and segmented infusgriBrypgimtplae infusions tsOECRSK) 2nM
gadolinium infusion into CH showing highly irregular morphology
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4.4.4 High speed image acquisition of implant
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Figuré-10Track forming rod insertion into microsphere pigmented gel samples under magnification imaged
high speed cam®raaample images of rod in§artammified images of rod travelling through gel showing
limited tearing using this rodtenmdspsed

4.5 Discussion

Agarose gel has a number of benefits when considering its use for the investigation of infusion parameters
designs. It is relatively low cost to purchase the powder (ERAO1KEQ )osuhgl dpdledér anan?5

of buffer can yield enough gel tolfgil@ass@ar which can comfortably house 4 infusions. The gel is also easy
manufacture in small or large quantities with minimal equipment (measuring and miximog&essels, and a micro
is also transparent which enables real time monitoring of the distribution as it propagates through the gel
lowcost equipment sietiamps andligital camera with time lapsdresgéibdityatheters into the gel can

yield a high failurboateveiye to the brittle nature @Ddveegahd Ericksonw2@€l6)s not observed

brain tisg@éenemaatra).2012; Gitla).2013)

Alternative mimics such @sviestgdted)berdd resolve the failure observed through intitraligiplantation
closer adherenbe tastoelastic propdrtieis tksuéhe CH diss a comparable cost of basic materials
(PHYAB0/Kg, PVA~£210/Kg).

Disadvantages of the CH include the extended nmegantsetifiBmitiotes( CH2.3t0s) for a

comparable volumevbiapehdds to the overall cost s(@osisailjanbertisechd@nufacture sealed

up but this is unlikely in the context of labofidterpssttingd the CH mdatmritthe developing

distributions is hidden, unless high cost infrastructure such as MRI scanners are available, which in themse

operationakt.
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Variations in batches due to measurement error were minimal as large quantitiesobfygel wer
were made by mixing the PVA and PHY solutions in a ratio of 1:1. Laboratory balances with
places were tosedasure the dry weight of PVA and PHY resulting in a measurement error of
%PVA/0.59+00PHY for the lower concentration CHRWALIBBENEHY for the higher
concentratindentation tegt@sgthen perfornsadhples usedhwitis experitoennfirm that they
possessed swstaelastic progertiespreviously published, with the lower condg@htration of the
(5%PVA/0.59% Eld3¥giynatchg the viscoelastic curves pXisivad) foraissud-(guré6 peak

force: 0-02M, Figuré7, asymptotic relaxation curve with load trendMgeo\sagis €ldisger

al, 2016Minor adjustment to the CH recifrecfodidedraase in the stiffnesq@¥aRe AB5/0

PHY)

Unexpectedly, while the agarose withstoodfaraemdagdi@vjding resultant forces similar in mag
gelatinevaluated alongside the CH in previously published work, further indentation resultec
agarose surface. Once the indenter had broken the surface the residual resultant fartcesequit
celatineagrevioustyaintained a higher overall residual load throughout the relaxation asses
0.13N at 5008% agarose gel exhibited brittle surface fracture under spherical indenter load
brain tissue or tlfgdePVA/0.99PHreviously publ{tledainger a).2016)

Under high magnification and at high image acquisition speeds (50Hz) the gel did not exhibi
stabbed with enth@liameter tungsten caFe&dq. Impregnated spheres are pushed ahead
away from the track forming tool, providing a degree of resultant compressive force which w
reflux durinfusiongiewed at much slower speeds, the insertion of the rod is met with a compt
along the contact interface. While this test thyaarponchis ofteesilvlg, higher insertioarspeed
larger dissectiomadsesult in increased hisutkeformation appears to be strain dependant wit
induced through surface indentation resulting in gel rupture. Such rupthre fabwid ammigein

infusate reflux, howeverlalmatiompspeeds to minimise strains and tearing may result in impro

Both CH mixtures were more elastic to the touch than agarose (as might be expected f
rebounding to the insertion of implantatioitecdésr dnel gatheter.

Line pressure alone has been shown to be a poor indicator of distalhmtok @erdduxreigca s
but was shown to highlight occluded chafinahe tedfezdii )y

Infusions into the agarose gels were uneventful producing the expected elongate distributio
(Figurd2& & dpsome minor reflux was observed on a Biggie#efdstnn(hich reached the surfa
the gel and appeaeszbmpress the infusion slightly, limiting the fullness of the distribution seer
Infusions into biesno@tinely yielded high line griegpséi®s ometimes reaching occlusion alarm
the B|Braun syringe pumps. This line pressure which rose and subsidedaaisssthdgitheapzdal
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of the infusate to travel through the CH substrate. Amssetepinthisimegtitar, imakiagevolumetric

analysis diffieultl unpredictable in the amount of line pressure that would be required £o force the fluid into t
second batch of CH gels were made at a different time poine tinatedudispertsaiha fluids was batch

specific, but the outcomes were the same.

While mechanically similar telikgo/moperties of brain tissue, the CH mixtures are not suited to infusion stud
Further development would be required to balance the need for mechanical alignmeaiswith brain tissue and
achieve comparable and homogenous greynraakbigityand/ or agarose if it is to replace it as a preferred mimic

material.

4.6 Conclusions
Despite exhibiting comparable mechanical properties of CH previously pulelshiepanmealidated against
brain, two separate recipes db@Hefetiieely distribute infusions consistently, or in a comparable manner to thc

observed in clinical studies.

Conversely, infusions into the agarose produced cehsigeviticlistiérgiemilar to clinically observed
infusions intchtimaan putaDespite consistEahnique used to impleatheters in the gel, one of the four

tested disptipme uncontnafedwhich extenokgbnd gteprihibitigfeature/hictfurther confithe

challenge of utilisingritee aggd for catheter devilbplegamose gel is an imperfect brain mmimic which

prone to brittle frgahder indentation loading with a spherncabasdposeg similar permeability to brain

tissue (grey matter). In addaitivelitdow cost and ease of manufacture continue to make it the most appropr

surrogate for brain tissue in the eadgyiapenent and ldias@darwestigations.

Take home message

Brain mimic materials are a compromisegithplaeal dfingin

Agarose gels ard/lnidte spherical indentation compressivinéddingally fail in a way unlike brain tissue
but do offer a low cost, optical substrate with a similar pore(fraamioto dgyainsisasien porcine

brain previously publishg@wing infusions as they distribute.

The amposite hydragedstigated aerecurrently unsuitable for investigating cathéter joethmimance
dissimilar permeability characterisiBssi¢o brain
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5 Invitr@andn vivdharacterisatiorhefrecessed step cditetantions
Thishapteontains work previously publishdalwitiibtheoscieMsthods artiaximising coverage
of brain structures cmmigplled reflux convadtianced delivery and the recesset (dtewisatheter
2018)

5.1 Motivation

As has previously been highlighted, systemic routes of adndeisteattbrnapieb trtheobrain are
inefficient at transporting drugs to brain parenchymal tissues. Rasigt spemnifte mwditire odsyst
delivery, but more importantly the filtration provided by the blood brain barrier.

A rage of cannula designs for acutely delivering infusates directly to the [R2djralvapsickithse
fully implantable recessed step Qattetgmn@iSE Bristol Unive(Gitiet dk2013Yhe RSCapable
of acute infusions but uniquely able to provide long term intermittent access to the brain whe

access port.

The evidence for the RSC, publishdusihesalsnfitsilet a) 2013¢ompared its infusion and distril
performanca tmmparator design, an externally stepped cannula, both single and double st
RSC (defined by the distance between the catheter tip and the outer guidertulrettip)aga® se
gel tests, aBdnB in&m vivporcine study, where fluid appeared to flow readily between the «
recess within the outer guide tube. This step length effectively defining the initial infusimn reg
however the step lengtintbdoadly increased, ranging83#tdmni2a¥erage ragqSectd.R A
BENWSSNSSIN[J] re [ &N hi o Usibujonssvhichiggn g optainegistio
warranted to aid in the understanding of what shewbdib prpeiciaity and clinically.

5.2 Introduction
The aim of this chapter is to investigate the effects of a limitedonutheeatisifibatiablesogphol

obtained igray matbeain mimic (agarosel@eld in the previous section

As an initial evaluattep tHrgtiasang betwe2b8mm will be investigated, covering grey matter ta
inpreclinidaand clinical cases. Peak infusion flow ratesCdmgying (fd&nl0miin) will also be evaluat
which have been used Helbotalpaead clinicalBaseat a).2013a; Bankiewal2016; Gitla).2013)

5.3 Materials anetimds
5.3.1 In vitrevaluation

5.3.1.1 Agarose gel andarte preparation
Agarose gel is a validated mimic for grey matter tissue used to investigaia the@lbeéidlon of
2004; Kraerza).2005; @Gtla).2013; lvanchenko, Sindhwani and Liamidger w2031y viedaretious

chapter, represebtarnit® best substrate currenityfavtiinvestigation of infusions from cathe
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Agarose gel%®).6vas prepared by mixing molecular grade agarose gel (Severn Biotech LTD, UK) with conc
Tris Bordg@ DA buffer (Severn Biotech, UK) and deionised watbeatée imix tonieravaavia ive 5
stirred and then heated further until all powder had fully dissolved. The heated solutimmwas decanted into °

clear, rectangular acrylic edntdinemesented a large volume of homog@&iau} KaksetissiLthey
were cooled naturally toemnyieeature.

A 3nm acrylic lid was securedatadtiisgubtolatmthe skull. The RSCeahabored withmacrylic lid,

mimicking the implantation procedure.

Trypan Blue powder (Sigmaaddgrel)ously been used as a high visual contras{@illgekinfusion tests
2013; Kraete].2005Powdearas weighed andatissadeioniss@émio a concentratidh of 0.4

5.3.1.2 Catheter

As previously described, thoerRBIZ ike assembilysgomponeatsQOuter Guide Tube (OGT), Inner Guide

Tube (IGT) and cétigie89). To evaluate the step length and its effect on infusion morphology, the OGT and
were cut to a fixed length for afirtest&88Enm respectively, foarimnngel plug withirreloess.

Catheters wereGt@6, 728, creating step lengths of 3, B beywhiifib@l tip of @ET.

5.3.1.3 Testsetup

LNS[ swri4Ns [NBN BOEONLL 00l NN [¢] @defiverytr ¢ of s¢
frame and digital camera for sequential, time lapse images of th&idgeve kppng)dlsibat nsds

and identical wels usedrhplant the plastic tubes into thergahustieigatlatice (RadiGaesA”
Integra Lifesciences Corp.), mimicking the insertion technique used within the human cases.

A digitalamera (Model 1200D, Canarsd¢acjoraasjuire tsrarnemes throughout the infusions with standard
desktop lamps used to add light throughBl®rabiBefgsdr Space syringe pumps weraysed to run
and tapefusion regirhagi(82).
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Agarose Stereotactic frame
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Syringe

pump
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..... ~ | lighting

Figur&Ll Schematic of gel infusion test set up

5.3.1.4 Infusion volume

To assess a representative infusion volume, a retrospective review of Deep Brain Stimulat
anonymised and reviewed (outside ttheesesyhiaf tiese provided by Prof Steve Gill. This suppor
however identified that the volume of two likely targets for delivery of a therapeutic the puta
had average voluch@90.03 (range: 283Ml) ad 2.90+0rBB(range 2A0Ml), respectively. The
volume of the putamen compares favourably to a smaller sample (n=11 0@ évi¢remhgeudlEhe
5.29l)(Yiret a.2009Average caudate nucleus volumes were similar to pre@isH8Ia@iihiisned

the same source.

Within the short time of an infusion, it will be assumed that the space occupied by infuse
interstitial spmateveen cells as these have a finite volume themselves. The available space in
the interstitial (or extracellularZpaod Xie volume frigRtitinak and Sykovali€&@®re the other ~
% is occupied by cells. The ratio of coverage ¥gVa isrittendlicexlR: 1, arel/itasiyrbeen reported
such+0.2 (mean + standard (@haatiah)] 999)

Total coverafgthe putamen wouldaremiirsion volume of atridg800IB or Odl (40@) split over 2
cathetdrghich was the arrangement uséthmathstfidsl)

5.3.1.5 Infusion regime
A gradual rise in the flow rate is widely useBar@ivatzali2600; Bienembai?012; Gitla).
2013; Baaia).2013t) minimise therdskedence of reflux. A stepped ramped regime can be

Three linear ramp and taper profiles, eachldeéxe edirD and instadled! a bank offioges
pumps (Perfusor® Space,|Biiseauns) were accidiraqubak flow rate (Q) overglossnd held
there unkietinfusion was complete (which included a standard, decreasing linear taper to sh
default requirement of all pumT otglinmés3ion times werg@BNI@[10I/min]), 1hrA0mid &)
mi/hr[fl/min]) and 4hiis1(@0.Inl/hr[1}8/min]) which were all considered clinically agretiatabl
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could be seen, infused and observed within a.sglmiwarkingf 8agpeats for each step length at each flow

rate were performed (n=108).

0.7
Infusion regime - 0.1ml/hr, Vi-0.4n
0.6 7====
—_ , |
é 0.5 ',’ H — - =Infusion regime - 0.3ml/hr, Vi-0.4n
E 04 / | S .
7} ’ Y eee=e Infusion regime - 0.6ml/hr, Vi-0.4n
< 0.3 / ;—-{-——
— ’ . H
E 0.2 ,/ . 7 : |
5 0t AL : I
4,
0 z— ! |
0 30 60 90 120 150 180 210 240 270 300

Time (mins)
Figur&2 Investigational, clinically translatable infusion regimes for intermittent delivery

5.3.1.6 Infusion image acquisition rig

Gel pots typically contained two sepaatenganfusions to rttexinsisef each gel. Once infusions were
complete, the gel was sliced within 10mmugestionts 8long the long axis of the pot, pnowiding 50x150x3
slices of gel.

The central section contained the infusion at its widestylandiathte sest@medviaed and photographed
beneath a diffusion lighgb@3).

Digital SLR@&aa

/ \ Field of view

/ \ Gel slice sample

Imaging jig

Figur&3 Infusion imagingeftjshowing well demarcated infusion cloonsthiitkisli@es of agarose
gel against a graduatedrighmiiete profdiehematic of the gel slicgignaging

5.3.1.7 Image analysis

Imagexs the gel slazgpiired using the scaled irRagir&R)ig3riefly,"8m thick slices of gel were laid flat

onto the white acrylic base of the imaging jig. This jig had two ehfipecidschtelexreithedS. The

images were acquiredllynasing a digital SLR camera with remote shooting capability. Live view images \
observed from within the lightbox before pictures were collected. These imagpdites wioe then manually
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Matlab fiurthgrrocessiMatlab 9The Maworks, Inc., Natick, Massachusetts, United States). Infl
magnifigdthin the image segmentatiomég@porcessing toollaoxl 1ednanual plotter was used |
apolygaround th@undary of the inflikier2D profids usedreaa segmented binary image with th
dimensions as the basedmageexported to the Wirkspace then only contained pixels with val
or 1 (outside and inside the infusion distributiBixelesfsbotigetylibrated for eagkingdlge scaled
rules on the imagiRgyu®ed). A script was used to tteddlisttébutiolume )\of the dye by counting t
width of every vertical row of winitth@igetgnented Tiadength of each row was divided in two
the radius of the distribution at that height. This was squared and matiientdiz & atd gt hleegort
Each sequential araaltygsby the pixel height to create a disc volume at every level obthe in
the discs fresch row provided thistohaltioolum&/, Maximum distribution length andaladth w

recorded.

Sectioned gel slices displayed a clear profile boundary for the distributions as a dark, sature
boundary. The band of diffuse infusate -Rasrautividip And inherently variable. To miitymise
manual profiles were created for each infusion at the border of the highth sdtastedsooea
performed by a single Aeatysed volumes are therefore likely to underestimaitia fiatalatiore cat

concentoatigradients within the overalboiaerigiyeyide a more direct comparison between test
5.3.2 Invivevaluation

5.3.2.1 Study licences and ethical oversight

Surgical procedures were performed in accordance with the Animals (Sc)antidier Rpeatictgk
Home Office project and perssfmab|aarnmence number 302868 sed establishment. Study f
were papproved by the University of Bristol Ethical Review board.

5.3.2.2 Surgical procedure

The author did not gleeeurgical procedures but devised and assisted in the conduct of the st
planning and operatidnatikgeoof of principle of the catheter infusion characteristics was inves
implantation of RSC ipeeg@egtter structures (putiaaeemusidlarge whaedrace pgsombination

of twelve catheters in all were implanted.

OGT tips were placed inside each structure and the catheter length was adjusted to provi
maximum ofrftflonger step lengths were not possible in grey matter targets due faoticensize
brain

Anaesthesia, head fixation, MRI scanning and stereotactic procedures were pgifdnitetd as
al, 2011b; Batua.2013c)
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5.3.2.3 Test infusions

Magnevist is a gaddiagathcontrast agent (GBCA) widely used (lnoG& e 28802l oredea).
2007b; Bankiestiag2016An MRI visible solution was prepared by difaydiadoesismi 2
concentrationtificeaterebrospinal fluid (Br@&#k)n volumere lowered t@AQR0O witlsmaller infusion

volumes used in the putamen due ta its smaller size
Sequentid weighted MRI scarsquired throughout the iRfusiped. infusion regimes were used as
described above with flow rates peakmighat 0.18

5.3.3 Statistical aysas
The statistical difference between the pepulaticmsnpis assessiEbligeSt oromavay ANOVA

where more than two groups were compared.

A significance levéloofias used to corppmhiseribution width and lengtfidvetasEsnand between step
lengths.

Pearson correlation coefficients were calculated for the distribution volume, width and length at each infusior

the step length groups.
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5.4 Results

5.4.1 In vitranfusion morphology: Distribution length and width

In the agarosasyeing cdaton between increased step length (SL) and increased lemaggh of
observétigurg4a: Q1[r=0.95, p<0.001], Q5[r= 0.98, p<0.001.QUOjr#E=Ag|ymefluxduhck to
thaecess as expected across all step lengths assessed, with greater amounts of reflux bey:
steps and at higher flow ratdistrimition lemgtkd, as would be expedtitdietheced as the infusic
volume was fixed for all tests. The width linearly digppeharsmail leaistep lendtg(rg4o:
Q1[r6.89,40.001], Q5)r83, p<0.001], @L6P=p<0.001)).

When reviewing the effect of flow rate on the morphology, the length of thethdusiometioads
flow rate (iQyreased. This affect was consistently observedgatrgess(fk(8tep)l F(2,27)=31.6,
p<0.001, Shién); F(2,29)=pRN0EL(1tm); F(2,30)=@0Q0EL(16m); F(2,29):R®O01)he

average distribution width was also signifeanily veducedric flq® veds increageghin, this was

observatieach of the step lengths investigaleB(GS2(3=1F0.M01, Sinién); F(2,29)=p0N01,
SL(18hm); F(2;305.2<0.005L(181m); F(2,29)=4€08)01).

a 30
B
E
S
()]
c
(3]
-
[
S
=
2
g 5|
O I 1 1 1 1 L
3 6 9 12 15 18
Step length(mm)
b 15

Distribution width (mm)

é é é 1é 15 1é
Step width(mm)
Figuré4.a) Q1 (top), Q5 (middle) and Q10 (bottom) trendlines for distribution length versus
(middle) and Q10 (bottom) trendlines for distribution widtlEwensharstephetgtiEM.
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5.4.2 In vitrinfusion morphology: Distribution volume

Both flow rate and step length affected the overall volume of gel coverage within this experiment. At each fix
increasing the flow rate resulted in a significant decrease in Sighstjipb{d2 @01,

SL(6nm); F(2,2654p<0.005L(12m); F(2,3093.6<0.005L(18m); F(2,2694p<0.001Figure

55).

Increasing #tep length provided a positive correlation with increases in the distribution volume within each ¢
rate groups assessed (Q1[r=0.66, p<0.001], Q5[r=0.74, p<0.001], Q10[r=0.78, p<0.001]).

1800 T . T T T T ——=Q-0.1ml’hr
————— Q-0.3mlhr
— Q-0.6ml'hr

1600 -

1400 -

31200

e

N
o
o
o

800 -

600 [

Distribution volum

400

200

| 1 1 1 I! 1
3 6 9 12 15 18
Step length(mm)

Figuré5 Q1 (top), Q5 (middle) and Q10 (bottom) trendlines for distribution volamashaessus step length
denote SEM.

5.4.3 In vivinfusion morphology: Length and width
Due to the relative size differanatomitia targets used in the porcinenfugimmero)dwmes were used
within the vivetudy arputamér2Qul, thalam2@Qul

14

& 12
—~ A et
E 12 o . A ; 10 LIPS
~ 10 o N
s a .8 © 8 ® )
[=)) 8 % e A,.-‘ 0 [ ]
c K A A
Q ﬁ s 6 0 Tt A o
- 6 > AT A
S A i = 4 N
>
2 T
% 2 < 2
a o © )
0 5 10 15 0 5 10 | 15
Step Length (mm) {0SL) £t SyauK oY
a) b)

Figur&6.a) Length of infusions achieved in ttey poatiee gianglegk@E2dl/min), circles 3.200
(at 3u/min); b) width of distributions achieved in the porcine white platéefltmanglessEa0=
20Qul (at I/min)
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As demonstrated in the gel model, ineedsegtmileeesstrongly correlated with an increase in
length despite there being fewer data points available within this proof of prinpipl&Rp@rO6f th
p=0.006, Vi(ROO R=0.84, p=0F0@)r&6a). While there is a negative linear trend in the distri
consistent with gel studies, the variability is too great whicimgrevehtsgiiéoastedlishthis inst
(Vi(12al): R6.62, p=0.13, ViR®86.82, p=0.B@redb) All infusiofigwed between the catheter ti
the e=ss as seen in the gebiitlahgtbs teste2h{B)Higurg7ad).

5.4.4 In vivinfusion morphology: distribution volume
Norsignificant, and numeritiahgraases were observed in the distribution volume as the step |
(Vi(1201):R=0.77, p=0.27, MXEB.77, p=CFag)ré7e).

450

400

350

300

250

200 A T SRR a
A

X

150
100
50

0
0 2

Distribution volume (pl) @

6 8 10 12 14
Step Length (mm)

Figur&7.1n vivo MRI scans of infusions using the recessed step cathetea)@tine teqrine mc
putamen, I stapthalamus, )8 step in thalamusneh) dt2p in thalamus, e) distribution voli
achieved from infusions into the porcine grey matdr(atiQriybsdifes = 2@at 0.1bd/hr)

5.5 Discussion

5.5.1 Controlled reflux

Studies of CEReatetypically advocate a point source from which to deliver sphe(legahiciigsikos 1
Sindhwani and Linningehd@a¥®r this metheopsreabfor the coverage of neuroanatomical stru
are themselves not spherical. @yh@aatésinable distribution morphology to more closely me

structureaprovements in coverage could be achieved.
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While the delivery of fluid to a variable region could be achieved in a variety of ways (e.g. variable porot
catheter sections), the RSC uses the inherent reflux observed in CED applications to cover the region
extension ofatigeter beyond the guide tubes, the steguidggdh (SL

1 ! ! 1
1 ! ! 1
1 ! ! 1
1 ! ! 1
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1 1 1 1
1 1 1 1
1 1 1 1
| 1 1 \
1 1 1 |
1 1 1 |
1 1 |‘( |
1 1
| & A LK B 4” i
1 -+ > |« > I
Al e
SLi DOIGEDOIG
At :4} *_b Lt *_._ H
1 1 |
Loy " D kv !
1 ! ! 1
1 | | 1
ai b ! Lod
1 1 \
1 1 1 1
1 1 1
1 1 1 1
1 1 ' 1 1
1 I 1 ]
1 1 1 |
1 1 1 1
1 1 1 1
1 ! ! 1
1 ! ! 1
1 ! ! 1
1 ! ! 1
1 ! ! 1
1 ! ! 1
1 ! ! 1
1 ! ! 1
1 ! ! 1
1 ! ! 1
1 ! ! 1
1 ! ! 1
1 ! ! 1
1 ! ! 1
1 ! ! 1
1 ! ! 1
1 ! ! 1
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1 1 1 1
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g h [ J k I

Figur&8 Thestages of controlled reflux; a) implaiBed Stpdeength, b) initial reflux, ¢) ramped/ stepped

increase in the flow rate leading to containment of flow front at the inhibition feature and establishment of Iz

pathways, d) peak flashiated and stable convection reached, ) optimal limit dijutelbgemg f) overload
exceeds inhibition featugd) Istaged demonstrated in a gel model

Encouraging the fluid to remain in this region is achieved througteithal irediesomvithia the step,
brnpeNwsodr® JoN [reffrséft re [aoN effome) wf ©, Ne
to excessive pressures induced through large volumes or flow ratiee desehapnadiotibistnatiigsion

and the point of failure ackgiroEigurggaf) alongside a representative examples of each stage from a sample
geinfusiofFigurgdy).

5.5.2 Controlling infusion morphology

df JonNn [JoérN re prrnfpféreE [ods NITNEPRR[BENOLSIR
catheter system had been published. Earlier work published in Bristol, identified only the recess as a fe

Umuwpnl e 4 r { Unm step lgngth againstigthey arrangem@nts witpsaifitaljeatuessernally

depped cantiliet a).2013; Kraeiza).2005Though numerous papers had, and have since been published on tt
preclinical and clinical uses of these systems to administer in(@stgjataire| 20ak:cB@msveidane

et a).2018; Bankieatiaf 2016; Whetea).2019ahone have published systematic investigations on the
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manipulation of flow rates and infusion volumes using the rece3ses expe catbetdheesae pro
information on the distribution morphology (shape, lengtmenad i stnduatzdsjowhich might be e
from clinically useful volumes in grey Miattse taygeise gel experiments confirm that within the |
the fluid would routinely travel between the catheter tip anmahenterstss aloddéwetothis initial r
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g
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|
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N 4
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Figur&9 a) Schematic of distribution morphology characteristics associated with increasing
recessed step catheter, b) actual distributions associated with increasing step I

LS U ——

I
I
I
I
I
I
I
\

Logically, as the step and distribution lengthdistrieased, viidth would mesutiing in spherice

distributions for shorter step lengths and elongate, cylindrical infudtogsr&Sathe step increase
There were a number of interesting findings beyond thimgimme observation

As the infused volume was fixieduad 408 gel was homogeénagar(@sé), then the overall distribut
thought to remain céfmstsver, as the step length increased so too did the distribution volunr
rise in coverage was obsert8a &g e5s).

It is likelppat manuallyilprgfthe edge of infusions dnemdaheis diftheecombination of the conve
and diffusive flow during the méysioinpduce an error into Hesaprexassedge is néuiiéeically
segmenting fiasion distributions was trialled, however variations in lighting taken at the tim

prevented isolation of the infusions using a fixed threshold value.

As with tresassment of the clinieasitigle aathonas taskegerform all manual segmentations
the dark boundary before the infusion grows (kiges-19.ddleudepth of the diffuse ring arou
infusions was markedly different betwelichases)surprising as Dawe and Errickson have pre
that the diffusion coefficient of Typatblaigaros.gel im6&§Dawe and Ericksonn2@@é)g that

the dye will continue to spread throughout the gel due hatBhiswviirooooitiaat a much slower r.
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during an infusion where the convective and diffudive icaféoattioevectbaminddry a single
usewas use@tovighusefudompariguminbetween samples. Futshewdiowever seek to automate the

analysis process and incorporate real time imaging assessmentuitigeadiisieidh litibiti ng kooese
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Figur&10The distal edge of distribikieregarose gel frommiensi€p length catheter infused at ¢
mi/hr, b) Gr@hr, c) Orhr

gnificant differ@ndadistribution voluaesalsbservetien changing flow rate (and &tepdeggtie

fixed)As the flowiratieeased, the coverage significafidyd&Bppadch may be explained by the pro
infusion time for slower rates, where the distribution volume would be augmented by the inc
further improved by longer stdpédachtetep length investigated (IN6y Hzend/d8 a significant d
in the distribution volumes achieved as the flow rate was increased frofinrDhistonOr8rardetes
previously published by Chen and colleagués redactaedretb® \Vd/Vi ratio \atesnifloreased fror
1-10p¥min(Cheat a).2002) his evidecmdfirnthat the infusion regimes used with an implanted

significant role in the overall coverage of target structures.

Thes characteristic profiles identified in the gels wené\asdlolbgasatd refluxing in a controlled
to the step before stabilising and distrittigndeigterally (

As might be expected, infusions into live tissues are less uniform than in homogenous ge
distribution length and a reduction in width were observed across the small ndetbenstraghe

proof of principle.

Take home message

The RSC is unique in the field of direct delivery to the brdurbassifsieptstiae varaageyahe
distribution morphology by modifying the step lengthtaFgendmisxisese tine coverage of,|asy!

neuranatomical structures.

Considering the operational limits of the RSC, secondary reflux beyond the recess occurrec
lengths-§81m) and at the highest flonm#gs TAIS in part explains historical challenges previo
in translatingcpnécal results to a clinical seltmcalPnéusions are inherently lower in volume to a
the anatomy and there is a desire to lintitiohesctl padiece costs, driving infusiony Best&reamid£as
é al. 2016Yhe trends shown above highlight significant risks of lower coveragéhandrifigtienri
rates are ubiquitously pushed to go faster and faster, and dsoendapasgatizeiosklpipublishe
(Krauz a).2005)

Pagel01o0f194



A compromise must therefore be struck between the preferred, short infudigiritimies reduttieg.in smaller
or longer infusion times that provide greater coverage, reduced risk of reflux but greater risk of unavoida

natural clearance mechanisms.

5.5.3 Application of learning

To optimise the performance of implanted emtyetefsteeknaistribution characteristics must be known in
advance. This chapter has provided empirical evidence on the morphology of distributions which can be ac
RSC.

For anatomical neurological structures suckigsré fotahwavérage is unlikely using a single implanted
catheterthidirsinmastudy, two catheters were implanted into each hemisphere te matamese coverage of th
with average volumes increasing as a result of increased retention and longefFsgei@lidside the target structt
Average coverage reached &adhighhet &5t test infusions when posterior trajectories maximised the step len

into structure.

A third catheterthietmterior portion atrilngture may have yielded further gains. Future development of finite
element analysis (FEA) models may provide useful tools for surgical planninglasradgetated by other group
al, 208a; Linningéra).2008b; Linniegeat.2008c; Videtta).2020; Zhan, Rodriguez and.Ding 2019)
creationaytimal trajectories, step lengths and infusion regimes to maximise coverage ahead of implantatic
valuable for patient care. An example surgical plan, increasing the number of catheters and alternative t
provided beleigug1).

Drug Delivery - Planning @

b

Figur&l1Examples of surgical trajectories aiming to maximise target structure coverage using the RSC,
Example drug delivery surgical plan withif'\iReroghepirql&), putamen (yellow outlines) coverage is
targeted with an empirical infusion distribution planning guide (red outlines) delivered via four catheters (
outlines), b) alternative, vertically stacked RSC entering the putamgn v)arapsfsterial drajecto
transcerebellar catheter trajectories aimed at maximising coverage in the brain stem for indications such a
Intrinsic Pontine Glioma.(DIPG)
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One of the limitations to this study was the upper length ofabetikbedmedatigatadlikely to su:
indefinitely and therefore further evidence of an operational limit of the device would be usef

for further work.

As there is inherent variability within neurodegeseratiireypsiigéaiios would discouraderthe s
s ¢ 4 N apprgafhsanduyeqaljtitiefoismosimaging would augment a treatment regime which en
[r Ynsodlu NP [ @N o011 4 wr [ Nn cogld theh Reroptimiags witl initiat ir
parameters, but fully implanted MRI compatible systems also offer the ability to maintain lol

periodic test infusions.

5.6 Conclusions

Prior to this experiment an agarose grelmathsmallgiudy had shown evidence of a novel reces
performing well against comparison catheter designs. The embodiment of that system was
mm (gel) andnatif vio A subseqfissinrmarstudy utilised the RSC design in a significantly di

extending the step length to over 5 times the lengths previously investigated.

This study demonstrated the stages of controlled refluxciioioak andacligapigite step lengths

infusion volumes and flow rates.

This empirical evidence has highlighted new nuances in the performance of the RSC from tt

and the way in which it is infused through.

Increasing the step lengtmtigm€reases the distribution volumes achieved, while increasing t

0.6ml/hr significantly drops the distribution volume (for any fixed step length).

This empirical evidence provides useful data for the creation of a predictive maiglato aic

immediatbbadopted in the methods used to operate implanted devices.

Further work is required to understand how thegsketraesiatexhtoraaute and chronic infusions |

diseased brain.

Take home message

In addition to the surgical planning gudialsesiGuloEimisation of implanted catheters can be
the knowledge of empirical distribution patterns obtained from varying basic parameters of

and peak volumetric flow rate.
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6 Modelling of recessed step catheter

6.1 Motivain

As previously highlighted, there is a symbiotic relationship between empirical evidence of device fur
computational models. While empiricahtestaggibeivoepresent-vealld evidence of device function,

variables canibklyjmodified within a computational model and small changes evaluated for effects on the ou
performance of a pysteting cost savings in, imateaal$ an etiseabf resou@amsputational models

also provide insight at satmagnifitfeasible using standard medical diagnostic toetssalalias MRI, whos

is typically no better thmem Go&els.

In order to provide valuable input data for such a ¢angpotatmratorodatdyeof data with which to
validate the n{@eet a).2002; Elenes, Rausch and Rylavideh 2018 RS®den accomplished in

earlier sections (s8gions

Computational and mathematical models of porous flow are based on the principles of mass conserv:
transportation equations for convective ars difflisee ftos@cibhesaodels require input conditions

for the source of the fluid, which in the casgsofypiEBlIgttiteesatheter., Bidd parhd porous tipped

canulhave previously been desunibgdt a).2008a; Samgtsali?007; Raghavan and Odlbaotl, 2017)

the novel actitimatecessed stepecavhich uses the controlled reflux mechanism has not to date been modelle

6.2 Introduction

The aim here is to create a finite element model representing the recessed step catheter and the unique chi:
variable step length, comnepaasudfsito the empirical data gette®ebhspection of the model will be
undertakepecifically investigating the shear stress, dispaimenpenfdes@raefitid fluboalties:

inforrprevious empirical observations.
6.3 Method

6.3.1 Platform

FEBiaMww.FEBIo Migsculoskeletal research laboratories, University of Utah) is art eapafyaiscess finite elemen
(FEA) software suite. It was chosen as the software package to model distributions from the recessed ste
contained tools fdinean multiphasic FEA which are useful for the large deformations present in gels and th
(Fortet a).2016; Leibieget.20185urther, the chemical egaetions available within FEBio permit the user

to apply a solute flux into a multiphasic (pdstas)isaotettiatequations for chemical species further allow

sources of solution to be defined fronmbodeggpirgaiflsolvent and solute within the same model.

6.3.2 Model units
Consistgiot units is essential for outputs to be meaningful. Unitsisiwesef@htisermaal mm, seconds,
Newtoasid ot
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Tabl&1 Standard units used in calculations/ FE analysis

unit Description Type
mm Millimetre Length
N Newton Force
S Seconds Time
kg Kilogram mass
nv Millmoe Molar concentration

6.3.3 Model construction

Using the experimental parameters of the four step leng8soevdiaatethodséctiare GeEnaated
6-1). To simplify the geometry and make the infusions visible adjacent to the catheter, a 3D w:
also permitted boundary conditions to be applied in Xg tAjEeenggiometsswas definseries of
points, lines and surfaces to create a volume which was then meshed using ((Gzopameacras:
Remacle, 2@08)ilable onliney.gmsh.irsfccessgduly 19

Figuré1 Models and meshes created for FE simulations oh3 sGediedrehttiter designs
6.3.4 Meshing
Mesheneration was accomplished within GMSH. Element density was varied throughbut th

the mesh size at designated allmesd gnesmter density of elements to focus on the area imme

catheter step where the infusions are appliedAvatimnetige noadsiudy was used to assess mest
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fig

Figuré2 12mm step length model shown with illustrative, coarse surface mesh

6.3.5 Model Material parameters

6.3.5.1 Material type

The brain can be considétipthasiateriafith a solidgus matrix filled with asitideSmixture. Previous
mechanical ggstnd modelling of the brain has ident¥isdaélaistidhpsod€iest a).2016Were

the solid matrixobas modelled for CEDashebmkean mateaalbeen sel@etedes, Rausch and
Rylander, 200RiltiphasiciHeokean materials require inputs for;

- solid volume fraction

- BrfraeUs rrenfuafs
- yrossrrUs Bwl ¢r
- Hydraulic conductivity

- Diffusivity (free and restricted)

- Solubility

6352 Br[ra&eUs 1rrnfy1fs

Publishedw f Ns re BrfraeUs rrnfi1fs re oyt [odssfNs wsl
ranging from G00D@BI/mi n several studieséniosed and perfused Samtplaad Humio@s),

6 JonNndés rfr NITwLfworr re [rBrwl wrMmigNry L wsS o)
sorrsére Wy w4 fN wf foON Jr[NB N[rNn re [®ON BN1TONJH
perflesl tisswelsichecome tough following fixationclbiseseraksich the value obtained by Budday et al (0.002
N/m# by indenting white and g(@uddsiea).2015)

ers [ ods r r nNJNmjwds chbseradrgpregentthe lpwersendrobthe PublBie@ values and likel
to produce the largest straiatenmealhe
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6353 yrossrrUs sBuwl or
An unconfined compressioategioainvhite matter by Cheng and Bilston (2698) igegtified [

of brain tissue to {€0eBfy and Bilston, Siatatexial stress tests perftwmeahdorain tissue samy
within 1@ s re nNwWf @ é¢nN[ [ ¢ e ¢ N gtisSusmasyfery finmlar, 0h antl §.
respectivgyanceschtra).2006A starting value of 0.45 was selected.

6.3.5.4 Permeability
Permeabilky(i?), is a physical property of a substrate incarpocating thet@ore fraction. Hyd
conductiviy (n/N3 is the proportionality constant which links theappamicaifiilityt) roperties

(vizosity [ipf/s), density) @nd gravgn{A) and are linkedduatiéiandEquati@?(Bear, 1988)

Equatidhil L ITZ

Equatidi2 o g

Thepermeability requested for biphasic materials in the FEEBiwalks packees (n terms
Lengtlirorce*Tintherefore values of hydraulic conductivitWithiinbeevisgded literature it appea
permeability and hycadiictivity are often used interchangeably, therefore care has been te

hydraulic conductivity references are provided.

Linninger et al define the hydraulic conductivity of gréyrthiddirettesripi@ditfive CEDahbrhin
infusiofsinninget aJ.2008t9arntinoranontusamuch lower vddu22x 101/Ng4.22x1@n¥dyne.S]

to investigate a computationaiterstiehbfranspibie spinal ¢@arntinoraed .2006yhich may be
due to the tight bunching of nerve fibres irMbeispimat ebchlcuigitrdalic condudtvigyey matter
of1.7xTof/Nasingneasured values addmaeand volumetric fluidMowisase a).1994Theng and
Bilston conducted a rheologic investigetioa ahdatientifiennexatlyr that the perme@pargulic
conductivity) of white matter wistANg&tighg and Bilston, BeM etiralestigated drug distributio!
brain phantom gels and used a hydraulic coddexti@itiNgQireeaf a].2002T his correlates with the
later publication indicating that distribution values in the agarose gel model can exceed thos

(Cheet a).2004yvhich may account for the increased hydraulic conductivity values for agaros

Rationally, while this model should emulate the empirical data obtained through gel studie
conductivity than agarose gel, and a higher value than that used to model spinal cordeflyid trz
coveragatterns for grey matt@higetsaulicuoaingty value for grey(nb2vetd/N3used in a CED
modddyLinninger et al (2008) willHezaused
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6.3.5.5 Diffusivity
Free aqueous diffusivity, and hindered diffusivity vatuesghezzpdrtensat t

- Free diffusion was assessed in beakers of deionised water with injections of dye directly onto the bas
water. Periodic images of the dye were recorded for assessment.

- Agarose gel%).@vas prepared as previouslyCliescdbetainers were used to set the gels at depths of
approximatey3@m. Vertical puncture marks filled with trypan blue dye were observed beneath a micrc

where time lapse images were recorded.

Images wprecesdusing Mattabobtaiegnented binary inhagethreshold was mairdagtresiitithe

assessment pEkt(n&9) The threshold was selected by plotting a histogram across the final image in the
and noting where the intensity diverges fromTinghibdekgdodifilision was calQBE2x1fEs

[0.00236®8d (modifications to the threshaoldlitsf2bE] resulted in a minor change to the hindered diffusion
rateD=1.705X18.227x1/9.Free diffusion was calculatE@nds[9.9298¥/9.

6.3.5.6 Porosifgnd the solid volume fraction)
Porositglso called thefaatsman be defined as the ratio of a unit volume which is occupied by fluid. This is t

inverse of the solid volume fraction, which is thikinadi oot solidmwme.

The porosity is linked to permeability but while porosity values might be high for very high fluid ratios, the |
may be very low if the chambers of fluid within a solid are not connected whichuwdatdtadiow the flow of flui

influence of gravity or a pressure gradient.

Stab wounds in the rat cortex were evaluated using iontophoresis probes (i.e. current applied between tv
chemical species sampling ability) over a series of time puiaspotivaagionunygey matter of 0.2 was
identifi¢Roitbak and Sykovalrie88)putational models of CED investigated by Linninger et al, higher pore frac
values of 2B are uflednchenko, Sindmaddnnainger, 2010; Lirhejg08pelova et al, highlight
crsdsr Us nNe ¢rangifiogdiween-0.8aad ragevepdty usd apnseanfvalue pfr0.8 m ghéirl |
mathematical descriptio(Bel@EDShaffer and Trapa, 20T aMid84biere a porosity of 0.3 was used

and a solid volume fraction of 0.7.
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Tablé2 Reference values for CED model

Symbol Description Value Units Source/ reference

E Yourlg modulus 0.00R2.005 N/mm (Budday a].2015; Smith .
Humphrey, 2007)

K Hydraulic conduct 1.12xT® nf/Ns (Linninget a].2008b)
(0112) (mrfiNs)
Porosity 0.3 Unitless (Belova, Shafferand T
2017)
v Poisrd ratio 0.45 Unitless (Smith and Humpio@&z),
Q Volumetric flow ri  0.023.083.167 mnis(ul/min) (Lewist @].2018)
(1.3% 19
Vi Infusion volume 400 mm (Lewist a].2018)

6.3.5.7 Solute and ffluig

The value of the fluid flux is defined as the volumetric flow rate per unit area over wheh the
context of the controlled reflux action eR8iitetidoydahees of the flux will drop as the step lengtt
there is a larger region over which the inpyT#bié-2 applied

Tabl&3 Flux (flow per unit area) values for the four catheter step length models

Symbol Description Step Length (mm)
3 6 12 18

Aee Area of catheter end face(mm 0.283 0.283 0.283 0.283
AsL Area along step length (mm 5.65 11.31 22.62 33.93
Ar Total area of face of appliegtha) (=A 5,933 11.593 22.903 34.213
Flux Fluid Flux(=@tm/s

Q=0.022 0.0037 0.0019 0.0010 0.0006

Q=0.083 0.014 0.007 0.004 0.002

Q=0.167 0.028 0.014 0.007 0.005
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6.3.5.8 Chemical reactions

FEBicontaissochiomefuicctions for the generation and interaction of sbkeit¢®alisicbcas free

(1 B and solid baurig)f@lculations of reg@amd prodBare goned by equations aftraassAl
conversatiguatidild. Materials can therefore be assigned as a source which will produce solutes at a
production rate (according to lods)) Wbedes represents the stochiometric coefficient of product/ reactant of

the chemical specjes (

Equatid®3 B,ojt’ O B, oft’

It was assumed that the concentration ohthiejeR@@endigpéby volunvathin the solid matrix will be
zero at the start of the analysis, therefore there are no reactants to consider, only théuconcentration of the aj
Tablé&4. Specific forward reaction rate of step lengthmdels (mM/s

Step Length (mm)

F('I?q‘f,'hrg“ 3 6 12 18
01 00218 00111 00056  0.0038
03 00653 00334 00169 00113
06 01306 00669 00338  0.0227

Model steps sedres 1with a maximum ahdr@d@ents permissible in a $ingl®stepumber of steps was

a function of the maximum flow rate and ififabléd)volume (

Tablé5 Model run time as a function of peak infusion flow rate andA@Jume infused (t=V

Volumetric flow rate,  Infusion volumé&uly Infusion time, t (S)
(ml/hr)
0.1 400 18,000
0.3 400 4,800
0.6 400 2,400

6.3.6 Globahodel data
Universal gas constant, R=8.314 J/mol.K

Units of the model are mM thereforéRaigl.&1L4x10

Absolute temperature (K): Z9Bkrt2&nt room temperature
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6.3.7 Initial Boundary Conditions (BC)
Boundary conditions were applied to the model to control the physical displacements pos

draining face for the fluid within the biphasic material ito\ewwulate CSF loss

Zero fluid press
and concentrat
(free draining fq

ZerX,Y,Z
displacemen

Figuré3 Boundary conditions

6.3.8 Boundary loadtefmicptoduction from a materia) source

The application of the liquid solution was applied through the inclusion of a solid material v
linked to the surrounding material. The base material was defined asqemtpasdngidbie, satht
while the catheter was defined as a chemical source which provided influxrofthe4dkitien at
64), but whiclies between modelsvestegation.

Porous Biphasi
material

Chemical speci
production
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6.4 Results

6.4.1 Convergence study

A convergence study was performed, refining the mesh, increasing the number otheements, preferentia
catheter step lengthafahiesere reviewed for convefrgeacpeak values in thehpwdstress,
displacemeancentration and flutagilu@Ss).

<§ 0.015 ’é\ 0.12
E

g 0.011 £ 0.08
£

Z 0.007 3

b S 0.04

o 0.003 2

~.0.001 0

\ 0 0 0 0
4500%° 5000 15000° 4000 0 @0000 300000 ASOOQO 600000

a No. Elements b No. Elements
0.525 0.003
0
S £
©0.515 £ 0.002
S ]
O L
£0.505 < 0.001
O =)
LL
0.495 0
\) 00 00 00 00
o0 00 00 0 0 0 0 0 0
. 45 20 ) 6? ) ) ’XC—’OOO 30000 D‘BQOO 60000
O b2o 9tSYySyazd No. Elements

Figur&5. Convergence study output: a) Max shear stressnbhtnexrdesploncentration, d) max fluid
flux

Figuré6. Representative exangiglehdigblanvith all nodes selected for extraction and comparison of
nodal information (e.g. displacemeant,shnear stress, etc)
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6.4.2 Displacement

3mm-0.1

o
o N
[

Displacement (mm)
o

Distance from catheter (mm)

3mm-0.3

Displacement (mm)

Py

S

10 12
Distance from catheter (mm)

o
~

o
w

Displacement (mm)
o o
N ()

3mm-0.6

2 4 6 8 10 12 14
Distance from catheter (mm)

ET

Figur&7.Nodal displacement values within the porous substrate emanating radially from t

31sNprns U=ff(r3 lugr) Chr eufrsa=rigf wHg @O sdrf 18/ 09

ET=error terminaaioalysis failed to canverge
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