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Abstract 

Delivering drugs to the brain to treat degenerative diseases and other conditions is challenging because of the 

blood brain barrier, which acts as a filtration system preventing over 99 % of large, therapeutic molecules from 

entering the brain from the blood. A first-in-man study, delivering drugs directly through chronically implanted 

catheters inserted deep into the brain, formed the basis of this project. The short and long-term distribution data 

from this clinical study provided the direction of this research.  

Surgical planning guidelines were created which provide device specific, numerical values to optimise retention 

of infusate within target neuroanatomy.  

Optimisation of these implanted catheters was assessed through device characterisation, material investigation, 

development of miniaturised delivery systems for in vivo investigations and the creation of a finite element model 

of infusions into porous ÛbrainÜ matter. 

Despite dissimilar mechanical properties to brain tissue, agarose gel has superior permeability and optical 

properties over composite hydrogels for the characterisation of a recessed step catheter. In vitro experiments 

varying catheter features and infusion regimes identified significant changes in the distribution patterns of infused 

fluids which propagate through porous substrates, such as gels or the brain. By adjusting the catheter step length 

and peak volumetric flow rate, optimisation of implanted catheters could maximise coverage of target neuro 

anatomy.  

Gliosis around the implanted catheter was anticipated as a result of the immune response to injury. Through 

experimentation gliosis was shown not to be exacerbated by intermittent infusions. The extent of injury during 

implantation plays a greater role. Changes in clinical infusion distribution patterns may have been linked to 

observations of lower gliosis levels around the same time as test infusions occur clinically (1month post implant). 

Longer recovery periods could provide improved reliability of test infusions to inform users ahead of setting 

prescriptions for extended infusion regimes. 

  



Page IV of 194 

Published work arising from this thesis 

Peer reviewed journal articles  

Lead author 

Lewis, O. et al. 2016. Chronic, intermittent convection-enhanced delivery devices. J Neurosci Methods 259, pp. 

47-56. doi: 10.1016/j.jneumeth.2015.11.008 

Lewis, O. et al. 2018. Maximising coverage of brain structures using controlled reflux, convection-enhanced 

delivery and the recessed step catheter. J Neurosci Methods, doi: 10.1016/j.jneumeth.2018.08.029 

See appendicies for work submitted for publication 

Co-authored 

Barua NU, Woolley M, Bienemann AS, Johnson D, Wyatt MJ, Lewis O, Irving C, Castrique E, Gill SS. 

Convection-enhanced delivery of AAV2 in white matter--a novel method for gene delivery to cerebral 

cortex. J Neurosci Methods. 2013;220(1):1-8. doi: 10.1016/j.jneumeth.2013.08.011 

Barua NU, Woolley M, Bienemann AS, Johnson DE, Lewis O, Wyatt MJ, ɞʁʅɸɽɶ ɘ, ɤÜɨʄɻɻɸʅɰɽ ɨ, ɢʄʁʁɰʈ ɜ, 

Fennelly C, Skinner P, Gill SS.. Intermittent convection-enhanced delivery to the brain through a novel 

transcutaneous bone-anchored port. J Neurosci Methods. 2013;214(2):223-32. doi: 

10.1016/j.jneumeth.2013.02.007 

Barua NU, Bienemann AS, Woolley M, Wyatt MJ, Johnson D, Lewis O, Irving C, Pritchard G, Gill SS. Convection-

enhanced delivery of MANF--volume of distribution analysis in porcine putamen and substantia nigra. J 

Neurol Sci. 2015;357(1-2):264-9. doi: 10.1016/j.jns.2015.08.003 

Gill T, Barua NU, Woolley M, Bienemann AS, Johnson DE, ɤÜɨʄɻɻɸʅɰɽ, ɢʄʁʁɰʈ ɜ, ɛɴɽɽɴɻɻʈ ɘ, Lewis O, Irving 

C, Wyatt MJ,Moore P, Gill SS. In vitro and in vivo testing of a novel recessed-step catheter for reflux-

free convection-enhanced drug delivery to the brain. J Neurosci Methods. 2013;219(1):1-9. doi: 

10.1016/j.jneumeth.2013.06.008 

Luz M, Allen PC, Bringas J, Boiko C, Stockinger DE, Lewis O, Nikula KJ, Woolley M, Fibiger HC, Bankiewicz 

K. Intermittent convection-enhanced delivery of GDNF into rhesus monkey putamen: absence of local or 

cerebellar toxicity. Arch Toxicol. 2018;92(7):2353-67. doi: 10.1007/s00204-018-2222-z 

Singleton WGB, Bienemann AS, Woolley M, Johnson D, Lewis O, Wyatt MJ, Damment SJP,Boulter LJ, Killick-

Cole C, Asby DJ, Gill SS. The distribution, clearance, and brainstem toxicity of panobinostat administered 

by convection-enhanced delivery. J Neurosurg Pediatr. 2018;22(3):288-96. doi: 

10.3171/2018.2.peds17663 

Whone A, Luz M, Boca M, Woolley M, Mooney L, Dharia S, Broadfoot J, Cronin D, Schroers C, Barua NU, 

Longpre L, Barclay CL, Boiko C, Johnson GA, Fibiger HC, Harrison R, Lewis O, Pritchard G, Howell 

M, Irving C, Johnson DE, Kinch S, Marshall C, Lawrence AD, Blinder S, Sossi V, Stoessi AJ, Skinner P, 

Mohr E, Gill SS. 2019. Randomised trial of intermittent intraputamenal glial cell line-derived neurotrophic 

fɰɲʃɾʁ ɸɽ ɥɰʁɺɸɽʂɾɽÜʂ ɳɸʂɴɰʂɴ. Brain. 2019 Mar 1;142(3):512-525. doi: 10.1093/brain/awz023 

Whone A, Boca M, Luz M, Woolley M, Mooney L, Dharia S, Broadfoot J, Cronin D, Schroers C, Barua NU, 

Longpre L, Barclay CL, Boiko C, Johnson GA, Fibiger HC, Harrison R, Lewis O, Pritchard G, Howell 

M, Irving C, Johnson DE, Kinch S, Marshall C, Lawrence AD, Blinder S, Sossi V, Stoessi AJ, Skinner P, 

Mohr E, Gill SS 2019. Extended Treatment with Glial Cell Line-Derived Neurotrophic Factor in 

Parkinson's Disease. J Parkinsons disease. 2019 Feb 26. doi: 10.3233/JPD-191576 

Conference presentations 

Lead presenter 

Lewis O, Woolley M, Johnson DE, Irving C, Stewart G, Howell M, Kinch S, Moore P, Timbrell R, Fletcher J, 

Pritchard G, Skinner P, Campbell S, Bienemann AS, Barua NU, Wyatt MJ, Rosser AE, Evans SL, Gill 

SS. A systems based approach to drug delivery - a method that works. SNO-SCIDOT Joint Conference 

on Therapeutic Delivery to the CNS; San Antonio, Texas, USA. 2015.  



Page V of 194 

Lewis O, Woolley M, Johnson D, Bienemann A, Barua N, Singleton W, Harcourt-Brown T, Gill SS. Functional 

and translational performance of a novel recessed-step catheter and stereotactic system for use in pre-

clinical and clinical CED indications. AMND; Liblice, Czech-Republic. 2017. 

Lewis O, Woolley M, Johnson DF, J, Moore PB, AS, Gill SS. Accurate and informed placement of indwelling 

catheters is vital for successful direct delivery to the brain. 22nd Covance symposium; Munster, 

Germany. 2018. 

Contributor 

Singleton WGB, Barua NU, Morgan JA, Lewis O, Johnson DE, Woolley M, Edwards RJ, Lowis SP, Gill SS 

(2016) - PF-062 Neuro-oncology - Robot-assisted multi-catheter chronic intermittent convection 

enhanced drug delivery for the treatment of paediatric diffuse intrinsic pontine glioma: surgical case 

series of 10 patients. 44th Annual Meeting of International Society for Pediatric Neurosurgery, Kobe, 

Japan, Oct 23-27, 2016 (Childs Nerv Syst (2016) 32:1957Ù2040) 

Singleton WGB, Woolley M, Johnson DE, Lewis O, Bienemann AS, Barua NU, Gill SS. Multi-catheter intermittent 

convection-enhanced delivery of carboplatin as a treatment for diffuse intrinsic pontine glioma (DIPG): 

pre-clinical rationale and early clinical experience. International Symposium on Paediatric Neuro-

Oncology, ISPNO; Liverpool, UK. 2016. 

Singleton WGB, Woolley M, Johnson DE, Lewis O, Bienemann AS, Barua NU, Gill SS. Preclinical development 

of a translatable drug delivery platform. International Symposium on Paediatric Neuro-Oncology, ISPNO; 

Liverpool UK. 2016. 

Singleton WGB, Woolley M, Lewis O, Johnson DE, Irving, C, Pritchard G, Moore P, Kinch S, Howell M, Selby 

J, Fletcher J, Skinner P, Bienemann AS, Harcourt-Brown T, Barua NU, Gill SS.. Development of new 

CED devices. SCIDOT-SNO; San Francisco, USA. 2017. 

Woolley M, Barua NU, Lewis O, Keane I, Johnson DE, Irving C, Kinch S, Moɾʁɴ ɥ, ɝɾʆɴɻɻ ɢ, ɤÜɨʄɻɻɸʅɰɽ ɨ, 

Fennelly C, Pritchard G, Campbell S, Skinner P, Gill SS. Factors Facilitating Optimised Intraparenchymal 

Drug Delivery Ù A Prescriptive Systems Approach. Partnership Opportunities in Drug Delivery; Boston, 

USA. 2013. 

Woolley M, Lewis O, Johnson DE. Optimising Intraparenchymal Convection Enhanced Delivery. World 

Preclinical Congress; Boston, USA. 2018.  

Conference Posters 

Author 

Lewis O, Woolley M, Johnson DE, Fenech J, Keenan B, Potts M, Hobden P, Evans SL,. Novel brain phantoms for 

neurological catheter development. World Congress of Biomechanics; Dublin, Ireland. 2018. 

Lewis O, Woolley M, Johnson D, Moore PF, Fenech J, Barua NU, Bienemann AS, Singleton W, Gill SS. Successful 

delivery to the brain requires effective targeting, convection-enhanced-delivery and controlled reflux - 

Translation of drug delivery systems from lab to clinic. World Preclinical Congress; Boston, USA. 2018. 

Co-author 

Hollingworth M, Hurter C, Collins P, Singleton W, Wooley M, Lewis O, Skinner P, Munroe P, Desai M, Chandler 

C, Bristow A, Jarosz J, Deasy N, Killick-Cole C, Bienamann AS, Walker D, Gill S, Zacharoulis S. DIPG-

65. Preliminary experience of chronic intermittent convection-enhanced delivery of carboplatin and 

sodium valproate for the treatment of diffuse intrinsic pontine glioma following radiation therapy. Neuro-

Oncology. 2018;20(suppl_2):i62-i. doi: 10.1093/neuonc/noy059.158 

  



Page VI of 194 

Acknowledgements 

Thanks should go to a longer list of people than can reasonably be allowed here, however, thanks go first to my 

supervisors Dr Max Woolley, Dr David Johnson, Prof Anne Rosser and Prof Sam Evans who, along with Renishaw 

have enabled this project.  

Thanks must also go to: 

Dr Bethany Keenan and Dr Mariusz Pietrzyk, both of who have provided endless encouragement and inspiration.  

Prof Steven Gill and Mr Neil Barua, ʆɸʃɷɾʄʃ ʆɷɾÜʂ ɸɽʅɴɽʃɸʅɴ ʂɿɸʁɸʃs there would be a step missing on the path to 

treating numerous life changing illnesses.  

Dr Alison Bienemann, Mr Will Singleton and the functional neurosurgery group at the University of Bristol who 

have supervised and guided countless studies on the route to developing and optimising this delivery platform. In 

particular to Marcella Wyatt and Lisa Boulter whoÜs technical skills and knowledge have been instrumental in the 

processing of immunohistochemical samples.  

Dr David (Harri) Harrison and Dr Mutwakil Abdulla of the Brain Repair Group for assistance in devising and 

running studies within Cardiff University.  

The highly skilled staff at the translational biomedical research centre (TBRC), Langford, Bristol.  

To the old, new and current staff of the neurological applications department at Renishaw who have moved 

mountains to develop a totally novel neurosurgical procedure to treat previously untreatable neurological 

conditions.  

ɩɾ ɰɻɻ ʃɷɾʂɴ ɞÜʅɴ ɼɸʂʂɴɳ ɾʄʃ ɱʈ ɽɰɼɴ my apologies but also my thanks, every contribution has contributed to not 

only this work but another step on the road to new treatments.  

Finally, special thanks go to the bravery of all participants and those responsible for running the ground breaking 

GDNF trial in Bristol between 2011-2015.  

  



Page VII of 194 

 

 

Dedication of thesis 

 

I fy nheulu/ For my family 

  



Page VIII of 194 

Contents 
Declarations .................................................................................................................................................................. II 

Abstract ........................................................................................................................................................................ III 

Published work arising from this thesis ..................................................................................................................... IV 

Peer reviewed journal articles ............................................................................................................................... IV 

Lead author ....................................................................................................................................................... IV 

Co-authored ...................................................................................................................................................... IV 

Conference presentations ...................................................................................................................................... IV 

Lead presenter .................................................................................................................................................. IV 

Contributor ......................................................................................................................................................... V 

Conference Posters .................................................................................................................................................. V 

Author ................................................................................................................................................................. V 

Co-author ............................................................................................................................................................ V 

Acknowledgements .................................................................................................................................................... VI 

Dedication of thesis ................................................................................................................................................... VII 

List of figures ............................................................................................................................................................. XV 

List of tables ......................................................................................................................................................... XXIV 

Nomenclature .......................................................................................................................................................... XXV 

Glossary ................................................................................................................................................................ XXVI 

1 Introduction .................................................................................................................................................. - 27 - 

2 Literature review .......................................................................................................................................... - 29 - 

2.1 An introduction to the field of direct delivery of therapeutics to the brain ....................................... - 29 - 

2.2 Mathematical and computational modelling of porous flow in the brain .......................................... - 32 - 

2.3 Biological response to injury and implanted devices and its effects on CED ................................... - 37 - 

2.3.1 The tissue environment .................................................................................................................. - 37 - 

2.3.2 The immunological response to injury and medical device implantation .................................... - 40 - 

2.3.3 Stages of injury and healing ........................................................................................................... - 40 - 

2.4 Discussion ........................................................................................................................................... - 43 - 



Page IX of 194 

3 First in Man chronic, intermittent, convection-enhanced delivery system ................................................ - 47 - 

3.1 Motivation ........................................................................................................................................... - 47 - 

3.2 Introduction ......................................................................................................................................... - 47 - 

3.2.1 Clinician led study design .............................................................................................................. - 48 - 

3.3 Method of infusion distribution assessment ....................................................................................... - 51 - 

3.3.1 Distribution volume, Vd .................................................................................................................. - 51 - 

3.3.2 Position of catheter features in structure ........................................................................................ - 53 - 

3.3.3 Anatomical variation ...................................................................................................................... - 53 - 

3.3.4 Statistical analysis .......................................................................................................................... - 53 - 

3.4 Results ................................................................................................................................................. - 54 - 

3.4.1 Putamen volume ............................................................................................................................. - 54 - 

3.4.2 Variations in surgical trajectory and its effect on step length ....................................................... - 54 - 

3.4.3 Coverage of VOI and putamen ...................................................................................................... - 56 - 

3.4.4 Delay to MRI scan acquisition ....................................................................................................... - 59 - 

3.4.5 Correlation analysis of putamen volume and coverage achieved ................................................. - 60 - 

3.4.6 Correlation analysis of catheter feature placement and coverage achieved ................................. - 62 - 

3.5 Discussion ............................................................................................................................................ - 69 - 

3.5.1 Manual profiling of the infusion distributions ............................................................................... - 69 - 

3.5.2 Putamen volume ............................................................................................................................. - 70 - 

3.5.3 Catheter assembly step length (SL) ............................................................................................... - 71 - 

3.5.4 Coverage of VOI and putamen ...................................................................................................... - 72 - 

3.5.5 Delay to MRI scan acquisition ....................................................................................................... - 73 - 

3.5.6 Position of the catheter and the reflux inhibiting step in the target structure ............................... - 73 - 

3.5.7 Clinical trial outcome ..................................................................................................................... - 76 - 

3.6 Conclusions ......................................................................................................................................... - 76 - 

3.7 Future work ......................................................................................................................................... - 78 - 

4 Evaluation of brain mimic materials for catheter design evaluation .......................................................... - 79 - 

4.1 Motivation ........................................................................................................................................... - 79 - 



Page X of 194 

4.2 Introduction ......................................................................................................................................... - 79 - 

4.3 Materials and methods ........................................................................................................................ - 80 - 

4.3.1 Agarose gel manufacture ................................................................................................................ - 80 - 

4.3.2 Composite Hydrogel manufacture ................................................................................................. - 80 - 

4.3.3 Indentation testing (structural testing of the samples) ................................................................... - 81 - 

4.3.4 Infusion regime and line pressure monitoring ............................................................................... - 81 - 

4.3.5 Infusion morphology assessment ................................................................................................... - 82 - 

4.3.6 High speed image acquisition of implant ...................................................................................... - 82 - 

4.4 Results ................................................................................................................................................. - 83 - 

4.4.1 Indentation testing .......................................................................................................................... - 83 - 

4.4.2 In line pressure monitoring ............................................................................................................ - 84 - 

4.4.3 Infusion morphology ...................................................................................................................... - 85 - 

4.4.4 High speed image acquisition of implant ...................................................................................... - 86 - 

4.5 Discussion ........................................................................................................................................... - 86 - 

4.6 Conclusions ......................................................................................................................................... - 88 - 

5 In vitro and in vivo characterisation of the recessed step catheter distributions ........................................ - 89 - 

5.1 Motivation ........................................................................................................................................... - 89 - 

5.2 Introduction ......................................................................................................................................... - 89 - 

5.3 Materials and methods ........................................................................................................................ - 89 - 

5.3.1 In vitro evaluation .......................................................................................................................... - 89 - 

5.3.2 In vivo evaluation ........................................................................................................................... - 93 - 

5.3.3 Statistical analysis .......................................................................................................................... - 94 - 

5.4 Results ................................................................................................................................................. - 95 - 

5.4.1 In vitro infusion morphology: Distribution length and width ....................................................... - 95 - 

5.4.2 In vitro infusion morphology: Distribution volume ...................................................................... - 96 - 

5.4.3 In vivo infusion morphology: Length and width ........................................................................... - 96 - 

5.4.4 In vivo infusion morphology: distribution volume ........................................................................ - 97 - 

5.5 Discussion ........................................................................................................................................... - 97 - 



Page XI of 194 

5.5.1 Controlled reflux............................................................................................................................. - 97 - 

5.5.2 Controlling infusion morphology ................................................................................................... - 98 - 

5.5.3 Application of learning ................................................................................................................. - 102 - 

5.6 Conclusions ....................................................................................................................................... - 103 - 

6 Modelling of recessed step catheter........................................................................................................... - 104 - 

6.1 Motivation ......................................................................................................................................... - 104 - 

6.2 Introduction ....................................................................................................................................... - 104 - 

6.3 Method ............................................................................................................................................... - 104 - 

6.3.1 Platform ........................................................................................................................................ - 104 - 

6.3.2 Model units ................................................................................................................................... - 104 - 

6.3.3 Model construction ....................................................................................................................... - 105 - 

6.3.4 Meshing ........................................................................................................................................ - 105 - 

6.3.5 Model Material parameters .......................................................................................................... - 106 - 

6.3.6 Global model data ......................................................................................................................... - 110 - 

6.3.7 Initial Boundary Conditions (BC) ................................................................................................ - 111 - 

6.3.8 Boundary loads (chemical production from a material source) .................................................. - 111 - 

6.4 Results ............................................................................................................................................... - 112 - 

6.4.1 Convergence study ....................................................................................................................... - 112 - 

6.4.2 Displacement ................................................................................................................................ - 113 - 

6.4.3 Shear stress ................................................................................................................................... - 114 - 

6.4.4 Fluid flux ...................................................................................................................................... - 115 - 

6.4.5 Concentration ................................................................................................................................ - 116 - 

6.5 Discussion .......................................................................................................................................... - 117 - 

6.6 Conclusions ....................................................................................................................................... - 121 - 

7 Longitudinal study of inflammatory reaction to a chronically implanted catheter .................................. - 123 - 

7.1 Motivation ......................................................................................................................................... - 123 - 

7.2 Introduction ....................................................................................................................................... - 123 - 

7.3 Materials and methods ...................................................................................................................... - 123 - 



Page XII of 194 

7.3.1 Miniaturised catheter system manufacture .................................................................................. - 123 - 

7.3.2 Roles and responsibilities ............................................................................................................. - 124 - 

7.3.3 Anaesthesia ................................................................................................................................... - 124 - 

7.3.4 Surgical procedures ...................................................................................................................... - 124 - 

7.3.5 Intermittent infusions ................................................................................................................... - 125 - 

7.3.6 Terminations and preparation of histological sections for assessment ....................................... - 125 - 

7.3.7 Immunohistochemical staining .................................................................................................... - 126 - 

7.3.8 Image processing .......................................................................................................................... - 126 - 

7.3.9 Statistical analysis ........................................................................................................................ - 127 - 

7.4 Results ............................................................................................................................................... - 127 - 

7.4.1 Surgical procedure ........................................................................................................................ - 127 - 

7.4.2 Re-access infusions ...................................................................................................................... - 127 - 

7.4.3 Immunohistochemical (IHC) analysis ......................................................................................... - 129 - 

7.5 Discussion ......................................................................................................................................... - 131 - 

7.5.1 Development of a miniaturised catheter ...................................................................................... - 131 - 

7.5.2 Tissue response to implant and CED infusions ........................................................................... - 135 - 

7.5.3 Conclusions .................................................................................................................................. - 137 - 

8 Optimisation of a chronically implanted catheter for the delivery of therapeutics to the brain .............. - 138 - 

8.1 General discussion of thesis .............................................................................................................. - 138 - 

8.1.1 Thesis conclusions and opportunities for further work ............................................................... - 142 - 

9 References .................................................................................................................................................. - 145 - 

10 Appendix A Ù Journal article submitted to the Journal of Neuroscience Methods .................................. - 150 - 

1 Introduction ................................................................................................................................................ - 151 - 

2 Intracranial CED devices ........................................................................................................................... - 153 - 

2.1 End port cannula (EPC) .................................................................................................................... - 153 - 

2.2 Shunts and peritoneal catheters used for CED (including multi-port catheters [MPC]) ................. - 154 - 

2.3 Micro porous tipped cannula (PTC) ................................................................................................. - 156 - 

2.4 Balloon tipped catheters (BTC) ........................................................................................................ - 156 - 



Page XIII of 194 

2.5 Stepped Profile Cannula (SPC) assemblies ...................................................................................... - 157 - 

3 A systems based approach ......................................................................................................................... - 162 - 

4 Discussion .................................................................................................................................................. - 163 - 

5 Conclusions ................................................................................................................................................ - 166 - 

6 Acknowledgments ...................................................................................................................................... - 167 - 

7 Disclosures ................................................................................................................................................. - 167 - 

8 References .................................................................................................................................................. - 167 - 

11 Appendix B - Journal article submitted to the Journal of Neuroscience Methods ................................... - 172 - 

1 Introduction ................................................................................................................................................ - 173 - 

2 Materials and Methods ............................................................................................................................... - 174 - 

2.1 In vitro evaluation ............................................................................................................................. - 174 - 

2.1.1 Agarose gel and infusate preparation ........................................................................................... - 174 - 

2.1.2 Catheter ......................................................................................................................................... - 174 - 

2.1.3 Delivery tooling ............................................................................................................................ - 175 - 

2.1.4 Test set up ..................................................................................................................................... - 175 - 

2.1.5 Infusion volume and regime ......................................................................................................... - 176 - 

2.1.6 Infusion image acquisition rig ...................................................................................................... - 177 - 

2.1.7 Image analysis .............................................................................................................................. - 177 - 

2.2 In vivo evaluation .............................................................................................................................. - 178 - 

2.2.1 Surgical procedures ...................................................................................................................... - 178 - 

2.2.2 Test infusions ................................................................................................................................ - 178 - 

2.3 Statistical analysis ............................................................................................................................. - 178 - 

3 Results ........................................................................................................................................................ - 179 - 

3.1 In vitro infusion morphology: Distribution length and width .......................................................... - 179 - 

3.2 In vitro infusion morphology: Distribution volume ......................................................................... - 180 - 

3.3 In vivo infusion morphology: Length and width .............................................................................. - 180 - 

3.4 In vivo infusion morphology: distribution volume .......................................................................... - 181 - 

4 Discussion .................................................................................................................................................. - 181 - 



Page XIV of 194 

4.1 Controlled reflux ............................................................................................................................... - 181 - 

4.2 Controlling infusion morphology ..................................................................................................... - 182 - 

4.3 Intervening in refluxing infusions .................................................................................................... - 186 - 

5 Conclusions ................................................................................................................................................ - 187 - 

6 Acknowledgements .................................................................................................................................... - 187 - 

7 References .................................................................................................................................................. - 188 - 

 

  



Page XV of 194 

List of figures 

Figure 2-1. Graphic depiction comparing the distribution associated with Convection-Enhanced Delivery (CED) 

and bolus injection (reproduced and modified from (Lam, Thomas and Lind, 2011). Note that the region of high 

concentration has spread laterally a much larger distance from the catheter than simply injecting a bolus which is 

the hallmark of CED. .............................................................................................................................................. - 30 - 

Figure 2-2. Device design groups used in CED studies (left to right ); End Port Cannula, Multi-Port Cannula, Porous 

Tipped Catheters, Balloon Tipped Catheters and Stepped Profile Catheters,Ù image reproduced and modified from 

(Debinski and Tatter, 2009).................................................................................................................................... - 30 - 

Figure 2-3. Infusion profiles of simple end port cannula [stainless steel hypotube] which experience large backflow 

characteristics (a, b) and improvement of control and predictability possible through introduction of a reflux 

inhibiting feature [step] (c, d) Ù images reproduced and modified from (Krauze et al., 2005), e) MRI interventions 

- SmartFlow cannula - commercial embodiment of the stepped profile cannula. ................................................ - 31 - 

Figure 2-4. Alcyone lifesciences Inc, MEMS catheter design, commercially available twin bore cannula used for 

acute infusions - (Brady et al., 2014). .................................................................................................................... - 31 - 

Figure 2-5. Assembled catheter design with a reflux inhibiting feature Ù a recessed step - images reproduced and 

modified from Gill et al. 2013. ............................................................................................................................... - 32 - 

Figure 2-6. 2D Finite element model of the brain with a cannula placed into the tissue providing a point source inlet 

for fluids (Linninger et al., 2008a). ........................................................................................................................ - 34 - 

Figure 2-7. A voxelized DTI scan of a rat brain (left) and a Finite Element model of the same scan (right) 

demonstrating how diagnostic data can be engineered into a prospective, predictive model which can be tailored 

bespoke to each patient (Kim, Mareci and Sarntinoranont, 2010). ....................................................................... - 35 - 

Figure 2-8. Illustration of a neuron with distinguishable features identified. ....................................................... - 38 - 

Figure 2-9. An electron micrograph showing the interstitial spaces in the rat cortex Ù image replicated from (Roitbak 

and Sykova, 1999). ................................................................................................................................................. - 38 - 

Figure 2-10. Perfusion fixed coronal section of NHP brain. ................................................................................. - 39 - 

Figure 2-11. The cascade of cellular events and associated cell types present at the site of injury during the 

generalised tissue healing process Ù figure replicated from Anderson et al (Anderson, 2001). .......................... - 40 - 

Figure 2-12. Increased density of Glial Fibrillary Acidic Protein (GFAP) positive cells (astrocytes) around an 

implanted steel cannula track in the rat cortex Ù image replicated  and modified from (Hayn, Deppermann and Koch, 

2017). ...................................................................................................................................................................... - 43 - 

Figure 2-13. Schematic of thesis with primary questions posed at the outset of each chapter. ........................... - 46 - 

Figure 3-1. Primary GDNF study patient schedule (extension study not shown). ............................................... - 48 - 

Figure 3-2. Chronically implanted drug delivery system a) shown on a CAD package avatar with a cut away section 

of tissue displaying the catheters tunnelled beneath the skin, terminating at the point where they enter the brain 



Page XVI of 194 

cavity (vertical catheter trajectory), b) mannequin implanted with the chronic DDS fitted with an externally mounted 

application set for intermittent infusions to the brain via the percutaneous port (posterior catheter trajectory). - 49 - 

Figure 3-3. First test infusion in a GDNF study subject, a) pre-infusion baseline T1 weighted MRI scan, b) post 

infusion T1 weighted MRI scan. ............................................................................................................................ - 49 - 

Figure 3-4. ɰ) ɚʇɰɼɿɻɴ ɾɵ ɰ ʂʄɱɹɴɲʃÜʂ ʂʄʁɶɸɲɰɻ ɿɻɰɽ ʆɸʃɷ ʃɷɴ ʃɰʁɶɴʃ ʂʃʁʄɲʃʄʁɴ (ɿʄʃɰɼɴɽ) ɰʄʃɾɼɰʃɸɲɰɻɻʈ ʂɴɶɼɴɽʃɴɳ ɰɽɳ 

presented as a pink 3D mesh. Section planes have been positioned to sub-divide the mesh and highlight the region 

of interest. b) Left and right putamen are shown with sub-division planes highlighting the VOI (arrows). ....... - 50 - 

Figure 3-5. a) GDNF subject receives an infusion into the brain via the external bone anchored percutaneous access 

port (https://medium.com/parkinsons-uk/meet-the-team-behind-the-gdnf-trial-ec7f3c2d102c), b) Close up image of 

the administration set attached to the percutaneous port in a glioblastoma patient (Barua et al., 2014). ............ - 51 - 

Figure 3-6. T2 weighted MRI scans of ɥɰʁɺɸɽʂɾɽÜʂ ʂʄɱɹɴɲʃʂ ɵʁɾɼ ɥɷɰʂɴ ɞ (ɻɴɵʃ) ɰɽɳ ɥɷɰʂɴ ɞɞ (ʁɸɶɷʃ) ʂʃʄɳɸɴʂ ɿʁɾʅɸɳɴɳ 

by Prof Steven Gill a) 0.6 mm diameter catheter used showing infusion (white cloud) located around the catheter 

tip (white arrow), b) 1.2 mm diameter catheter used showing absence of dense white infusion located at the catheter 

tip (white arrow) but extensive reflux to the surface of the brain (dotted arrow). ............................................... - 52 - 

Figure 3-7. Surgical implantation trajectories of the recessed step catheter employed in the primary GDNF study, 

a) vertical (n=6), b) anterior (n=3), c) posterior (n=26). ....................................................................................... - 53 - 

Figure 3-8. NBT GDNF primary cohort putamen volumes - frequency plot, average volume, ʇↄ= 4.39 ml, Standard 

error of the mean (SEM) =0.06cm3; indicated by blue dashed line, red dashed lines represent 1 standard deviation, 

ʎ=0.55cm3 (n=72 putamen). .................................................................................................................................. - 54 - 

Figure 3-9. Recessed Step Catheter with variable step length (Dimensions: OGT=1.7 mm OD, Catheter = 0.6 mm 

OD). ........................................................................................................................................................................ - 54 - 

Figure 3-10. Step length variations between catheters implanted into the putamen via different trajectories, a) all 

catheter lengths across 3 trajectory groups, b) box and whisker plot of 3 trajectory groups (group 1=vertical 

approach, group 2 = anterior approach, group 3 = posterior approach); lower and upper horizontal blue lines define 

the 25th and 75th quantiles, red line defines median value. Height of notches (blue lines) define the 95th confidence 

intervals of the means of each group, as these do not overlap the reader can be confident that the true medians do 

differ. ....................................................................................................................................................................... - 55 - 

Figure 3-11. Variations in maximum step length and putamen volume: a) all subjects (n=70), b) posterior trajectory 

subjects only (n=52). .............................................................................................................................................. - 56 - 

Figure 3-12. Percentage coverage of the VOI over the 3 test infusions [n=70/ group, ʇↄW-4= 69 ± 16 % (STD), 

ʇↄW40= 75 ± 19%,  ʇↄW80= 70 ± 21%]. ........................................................................................................................ - 56 - 

Figure 3-13. Percentage coverage of the Putamen over the three test infusions [n=70/ group, ʇↄW-4=51.5 ± 15 % 

(STD), ʇↄW40=50.8 ± 16 %, ʇↄW80=51.4 ± 18 %]. ...................................................................................................... - 57 - 



Page XVII of 194 

Figure 3-14. Percentage coverage of the VOI (a-c) and the putamen (d-f) over the three test infusion time points 

(Week-4, Week 40, Week 80, respectively) [nvertical=10,  nanterior= 6, nposterior=52, a-c) VOI coverage: ʇↄW-4=57 ± 12 % 

(STD) (vert), 79 ± 12 % (ant),  70 ± 16 % (post); ʇↄW40=75 ± 17 % (vert), 92 ± 13 % (ant), 72 ± 19 % (post); ʇↄW80=69 

± 18 % (vert), 93 ± 11 % (ant), 68 ± 22 % (post); d-f) putamen coverage: ʇↄW-4=31 ± 11 % (vert), 41 ± 11 % (ant),  

57 ± 12 % (post); ʇↄW40=38 ± 11% (vert), 60 ± 5 % (ant), 53 ± 16 % (post); ʇↄW80=36 ± 12 % (vert), 59 ± 10 % (ant), 

54 ± 18 % (post)]. Note: the anterior groups in boxplots b) and c) are shown reaching 100 % but without obvious 

ÛʆɷɸʂɺɴʁʂÜ ɳɴɼɰʁɺɸɽɶ ʃɷɴ ʄɿɿɴʁ ɰɽɳ ɻɾʆɴʁ ʀʄɰɽʃɸɻɴʂ. ɩɷɸʂ ɸʂ ɱɴɲɰʄʂɴ ʃɷɴ ɰɽʃɴʁɸɾʁ ɶʁɾʄɿ ɷɰʂ ɾɽɻʈ 6 ɴɽʃʁɸɴʂ ʆɷɸɲɷ 

ɲɻʄʂʃɴʁ ɸɽ ʃɷɴ ʄɿɿɴʁ 90Üʂ ɿɴʁɲɴɽʃ ʁɴɶɸɾɽ. ɖ ʂɸɽɶɻɴ ɳɰʃɰ ɿɾɸɽʃ ɸɽ ʃɷɴ 70 % ʁɴɶɸɾɽ ɸs correctly shown as an outlier. ... - 

58 - 

Figure 3-15. a) Total hemispherical (1/2 of the brain) distribution volume (Vd), b) Vd ratio retained within the 

boundary of the putamen over the study period. [n=70/group, a) ʇↄW-4= 4,796 ± 1,560 mm3 (STD), ʇↄW40= 6,553 mm3 

± 1,721 mm3, ʇↄW80= 6,437 ± 1,991 mm3; b) ʇↄW-4= 0.4857 ± 0.1320, ʇↄW40 = 0.3463 ± 0.0989, ʇↄW80= 0.3584 ± 0.1219].

 ................................................................................................................................................................................. - 59 - 

Figure 3-16. Average delay times to acquire the post infusion T1 weighted MRI scan: a) delay at three test infusion 

time points, week -4, 40 and 80 (n=35/group, ʇↄW-4= 43 ± 28 mins (STD), ʇↄW40= 57 ± 21 mins,  ʇↄW80 = 60 ± 21 mins), 

b) changes in delay per subject between first and second test infusion. ............................................................... - 59 - 

Figure 3-17. Left and right VOI coverage plotted against the average putamen volume: a-b) week-4, c-d) week40, 

e-f) week80. ............................................................................................................................................................ - 60 - 

Figure 3-18. Left and right putamen coverage plotted against the average putamen volume: a-b) week-4, c-d) 

week40, e-f) week80. ............................................................................................................................................. - 61 - 

Figure 3-19. Percentage coverage of the putamen relative to its size over the study period. .............................. - 62 - 

Figure 3-20. Correlation analysis of depth of the OGT tip (containing the recessed step) into structure, a) %coverage 

of putamen at study W-4 and b) W40, c) ratio of distributed infusate retained inside the putamen at study W-4 and 

d) W40. ................................................................................................................................................................... - 62 - 

Figure 3-21. Correlation analysis of distance from catheter tip (along trajectory) to putamen boundary, a) %coverage 

of putamen at study W-4 and b) W40, c) ratio of distributed infusate retained inside the putamen at study W-4 and 

d) W40. ................................................................................................................................................................... - 63 - 

Figure 3-22. Correlation analysis of distance from catheter tip (any direction) to putamen boundary, a) %coverage 

of putamen at study W-4 and b) W40, c) ratio of distributed infusate retained inside the putamen at study W-4 and 

d) W40. ................................................................................................................................................................... - 64 - 

Figure 3-23. Correlation analysis of minimum catheter step length (per hemisphere) inside putamen, a) %coverage 

of putamen at study W-4 and b) W40, c) ratio of distributed infusate retained inside the putamen at study W-4 and 

d) W40. ................................................................................................................................................................... - 65 - 



Page XVIII of 194 

Figure 3-24. Correlation analysis between minimum (or negative) distance from catheter stepped region to the 

putamen boundary, a) %coverage of putamen at study W-4 and b) W40, c) ratio of distributed infusate retained 

inside the putamen at study W-4 and d) W40. ....................................................................................................... - 66 - 

Figure 3-25. Putamen coverage (%) plotted against a mixture of variables (Step Length, Distance of the OGT into 

the structure, minimum distance of the catheter from the putamen boundary and the minimum distance of the 

catheter to the boundary of the structure (along the step length) a) week-4, b) week 40. .................................... - 67 - 

Figure 3-26. 2D profiles of a real infusion in the putamen of a subject (pink outline) provided by three 

neurosurgeons. ........................................................................................................................................................ - 70 - 

Figure 3-27. Numerous profiles around an infusion from four repeated analysis performed by a single user. .. - 70 - 

Figure 3-28. Post infusion T1 weighted MRI scans of two subjects over the three test infusions: a) S036-W-4, b) 

S036-W40, c) S036-W80, d) S022-W-4, e) S022-W40, f) S022-W80. ............................................................... - 73 - 

Figure 3-29. Red, Blue, Green targeting Zones for the a) non-human primate (NHP) and b) human Putamen (Yin 

et al., 2011). ............................................................................................................................................................ - 74 - 

Figure 3-30. Physical placement of catheters inside the putamen. ....................................................................... - 74 - 

Figure 3-31. Proposed recommendations for RSC feature placement. ................................................................. - 77 - 

Figure 4-1. Composite hydrogel manufacture a) making a paste with PHY powder and de-ionised water, b) mixing 

the PHY and PVA solutions on a magnetic hot plate, c) Mixing the combined solutions to make the final CH 

preparation. ............................................................................................................................................................. - 80 - 

Figure 4-2. Indentation test rig, a) Mecmesin MultiTest 2.5 force test stand, b) indentation test of CH. ........... - 81 - 

Figure 4-3. ɞɽɵʄʂɸɾɽ ʃɴʂʃɸɽɶ, ɰ) ɨɲɷɴɼɰʃɸɲ ɾɵ ɶɴɻ ɸɽɵʄʂɸɾɽ ʁɸɶ, ɱ) ɰɶɰʁɾʂɴ ɿɾʃ ʆɸʃɷ ɰɲʁʈɻɸɲ ÛʂɺʄɻɻÜ ɷɾʄʂɸɽɶ ɧɨɘ ɷʄɱʂ, 

c) real time infusion test rig housed in a Magnetic Resonance Imaging (MRI) machine with 6m lines extending to 

the pumps in the control room. .............................................................................................................................. - 82 - 

Figure 4-4. High speed image capture test rig. ...................................................................................................... - 83 - 

Figure 4-5. Microsphere gel samples positioned beneath the microscope and within the controlled insertion actuator 

mechanism. ............................................................................................................................................................. - 83 - 

Figure 4-6. Indentation test of agarose and composite hydrogels (SEM range shown, n=4 per material tested).- 84 

- 

Figure 4-7. Force relaxation curve following indentation of agarose and composite hydrogels (SEM range shown, 

n=4 per material tested). ......................................................................................................................................... - 84 - 

Figure 4-8. Infusion line pressure (SEM range, n=4 per material tested)............................................................. - 85 - 

Figure 4-9. a-b) Trypan blue infusions into agarose gel using RSC, c-d) 2 mM gadolinium infusion in agarose gel 

Ù MRI image (left ) and segmented infusions (right), e-g) Trypan blue infusions into CH using RSC, h) 2 mM 

gadolinium infusion into CH showing highly irregular morphology. .................................................................. - 85 - 



Page XIX of 194 

Figure 4-10. Track forming rod insertion into microsphere pigmented gel samples under magnification imaged 

using high speed camera a-c) sample images of rod insertion, d-f) magnified images of rod travelling through gel 

showing limited tearing using this rod and insertion speed. ................................................................................. - 86 - 

Figure 5-1. Schematic of gel infusion test set up. .................................................................................................. - 91 - 

Figure 5-2. Investigational, clinically translatable infusion regimes for intermittent delivery. ........................... - 92 - 

Figure 5-3. Infusion imaging rig: left) showing well demarcated infusion clouds within 3 mm thick slices of agarose 

gel against a graduated border; right) side profile schematic of the gel slice imaging jig. .................................. - 92 - 

Figure 5-4. a) Q1 (top), Q5 (middle) and Q10 (bottom) trendlines for distribution length versus step length, b) Q1 

(top), Q5 (middle) and Q10 (bottom) trendlines for distribution width versus step length. Error bars denote SEM. - 

95 - 

Figure 5-5. Q1 (top), Q5 (middle) and Q10 (bottom) trendlines for distribution volumes versus step length. Error 

bars denote SEM. .................................................................................................................................................... - 96 - 

Figure 5-6. a) Length of infusions achieved in the porcine grey matter; triangles=120 µl (at 5 µl/min), circles = 200 

µl (at 3 µl/min); b) width of distributions achieved in the porcine white matter; triangles=120 µl (at 5 µl/min), 

circles = 200 µl (at 3 µl/min).................................................................................................................................. - 96 - 

Figure 5-7. In vivo MRI scans of infusions using the recessed step catheter in the porcine model - a) 5 mm step in 

putamen, b) 6 mm step in thalamus, c) 8 mm step in thalamus, d) 12 mm step in thalamus, e) distribution volume 

achieved from infusions into the porcine grey matter; triangles=120 µl (at 0.3 ml/hr) circles = 200 µl (at 0.18 ml/hr).

 ................................................................................................................................................................................. - 97 - 

Figure 5-8. The stages of controlled reflux; a) implanted device Ù SL=Step Length, b) initial reflux, c) ramped/ 

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

lateral flow pathways, d) peak flow rate achieved and stable convection reached, e) optimal limit of delivery, f) 

overload Ù pressure exceeds inhibition feature limit; g-l) stages a-f demonstrated in a gel model ..................... - 98 - 

Figure 5-9. a) Schematic of distribution morphology characteristics associated with increasing the step length of 

the recessed step catheter, b) actual distributions associated with increasing step lengths. ................................. - 99 - 

Figure 5-10. The distal edge of distributions in the agarose gel from an 18 mm step length catheter infused at a) 0.1 

ml/hr, b) 0.3 ml/hr, c) 0.6 ml/hr. .......................................................................................................................... - 101 - 

Figure 5-11. Examples of surgical trajectories aiming to maximise target structure coverage using the RSC, a) 

Example drug delivery surgical plan within neuroinspireTM (Renishaw plc, UK), putamen (yellow outlines) 

coverage is targeted with an empirical infusion distribution planning guide (red outlines) delivered via four catheters 

(white outlines), b) alternative, vertically stacked  RSC entering the putamen via a posterior trajectory, c) 

transfrontal and transcerebellar catheter trajectories aimed at maximising coverage in the brain stem for indications 

such as Diffuse Intrinsic Pontine Glioma (DIPG). .............................................................................................. - 102 - 

Figure 6-1. Models and meshes created for FE simulations of 3, 6, 12 and 18 mm stepped catheter designs. . - 105 - 

Figure 6-2. 12 mm step length model shown with illustrative, coarse surface mesh. ........................................ - 106 - 



Page XX of 194 

Figure 6-3. Boundary conditions. ........................................................................................................................ - 111 - 

Figure 6-4. Location of applied boundary loads. ................................................................................................. - 111 - 

Figure 6-5. Convergence study output: a) Max shear stress, b) max displacement, c) max concentration, d) max 

fluid flux. .............................................................................................................................................................. - 112 - 

Figure 6-6. Representative example of a single radial plane with all nodes selected for extraction and comparison 

of nodal information (e.g. displacement, maximum shear stress, etc). ............................................................... - 112 - 

Figure 6-7. Nodal displacement values within the porous substrate emanating radially from the catheter track at 

31ʂɴɲɾɽɳʂ ɸɽʃɾ ɰɽ ɸɽɵʄʂɸɾɽ AÛ.Ü=ʃ(31ʂ)C, ɰɽɳ ɰʃ ɸɽɵʄʂɸɾɽ ɲɾɼɿɻɴʃɸɾɽ AÛ+Ü=ʃɼɰʇ(ɦ0.1/ʃ18,000, ɦ0.3/ʃ4,800, 

Q0.6/t2,400)]. ET=error termination, analysis failed to converge. ..................................................................... - 113 - 

Figure 6-8. Maximum Cauchy shear stress values within the porous substrate emanating radially from the catheter 

ʃʁɰɲɺ ɰʃ 31ʂɴɲɾɽɳʂ ɸɽʃɾ ɰɽ ɸɽɵʄʂɸɾɽ AÛ.Ü=ʃ(31ʂ)C, ɰɽɳ ɰʃ ɸɽɵʄʂɸɾɽ ɲɾɼɿɻɴʃɸɾɽ AÛ+Ü=ʃɼɰʇ(ɦ0.1/ʃ18,000, ɦ0.3/ʃ4,800, 

Q0.6/t2,400)]. ET=error termination, analysis failed to converge. ..................................................................... - 114 - 

Figure 6-9. Fluid flux values within the porous substrate emanating radially from the catheter track at 31seconds 

ɸɽʃɾ ɰɽ ɸɽɵʄʂɸɾɽ AÛ+Ü=ʃ(31ʂ)C, ɰɽɳ ɰʃ ɸɽɵʄʂɸɾɽ ɲɾɼɿɻɴʃɸɾɽ AÛ.Ü=ʃɼɰʇ(ɦ0.1/ʃ18,000, Q0.3/t4,800, Q0.6/t2,400)]. 

ET=error termination, analysis failed to converge. ............................................................................................. - 115 - 

Figure 6-10. Concentration values within the porous substrate emanating radially from the catheter track at 

31ʂɴɲɾɽɳʂ ɸɽʃɾ ɰɽ ɸɽɵʄʂɸɾɽ AÛ.Ü=ʃ(31ʂ)C, ɰɽɳ ɰʃ ɸɽɵʄʂɸɾɽ ɲɾɼɿɻɴʃɸɾɽ AÛɾÜ=ʃɼɰʇ(ɦ0.1/ʃ18,000, ɦ0.3/ʃ4,800, 

Q0.6/t2,400)]. ET=error termination, analysis failed to converge. ..................................................................... - 116 - 

Figure 6-11. Concentration maps of 400 µl infusions into porous substrate. As the 3 mm/Q0.6 and 6 mm/Q0.6 

evaluations failed to complete 400 µl infusions these have been omitted to allow direct comparison between results.

 ............................................................................................................................................................................... - 117 - 

Figure 6-12. Magnified concentration curves plotted radially away from the catheter infusion site for the 12 mm 

step length model at 0.1, 0.3 and 0.6 ml/hr flow rates. ....................................................................................... - 119 - 

Figure 6-13. Model deformation pre and post infusion. ...................................................................................... - 120 - 

Figure 6-14. Example 3D mesh of a human putamen which could be integrated into a surgical planning suite.- 121 

- 

Figure 7-1. Miniaturised catheter system prior to implantation. ......................................................................... - 124 - 

Figure 7-2. Anatomical atlas of the rat brain with target region of the catheter tips in striatum highlighted. ... - 125 - 

Figure 7-3. a) stereotactic implantation of the catheter and port assembly, b) final implant arrangement with silicone 

port housing shown (left), c) implanted system following recovery prior to a re-access (hence hair removal).- 127 

- 

Figure 7-4. Intermittent infusions, a) exposure of re-access port for cleaning ahead of fluid delivery, b) insertion of 

administration set needle into the subcutaneous port, c) weight measurement chart for 90 day study, Error bars 

denote SEM. ......................................................................................................................................................... - 128 - 

Figure 7-5. Convection-enhanced delivery of Indian ink into left striatum. ...................................................... - 128 - 



Page XXI of 194 

Figure 7-6. H&E: Example set of histological sections which display a representative reaction in the tissue around 

the catheter track post implant; a) 14days, b)30 days, c) 60days, d) 90days, and magnified images of the lower left 

quadrant of the catheter track; e) 14days, f)30 days, g) 60days, h) 90days. ....................................................... - 129 - 

Figure 7-7. Percentage of DAB-GFAP stained cells per unit area radially propagating away from the edge of the 

catheter track (0µm) at 14days-90days post implant. 0µm increment indicates the cellular reaction within tissue 

void of the catheter track (error bars denote SEM). ............................................................................................ - 130 - 

Figure 7-8. GFAP: Example set of histological sections which display a representative reaction in the tissue around 

the catheter track post implant; a) 14days, b)30 days, c) 60days, d) 90days. ..................................................... - 130 - 

Figure 7-9. Percentage of DAB-IBA-1 stained cells per unit area radially propagating away from the edge of the 

catheter track (0µm) at 14days-90days post implant (error bars denote SEM). ................................................. - 131 - 

Figure 7-10. IBA-1: Example set of histological sections which display a representative reaction in the tissue around 

the catheter track post implant; a) 14days, b)30 days, c) 60days, d) 90days. ..................................................... - 131 - 

Figure 7-11. Initial model of bilateral single channel re-access system for the rodent model. .......................... - 132 - 

Figure 7-12. Development injection mould tool for 90o inclusive designs. ........................................................ - 133 - 

Figure 7-13. Example line pressure evaluation for miniaturised catheter. ......................................................... - 134 - 

Figure 7-14. a) CAD design of catheter and b) injection moulding tool. ........................................................... - 134 - 

Figure 7-15. Revised design of the small animal model (SAM) catheter system following a design review and 

development of the form to improve on the usability of the device. .................................................................. - 135 - 

Figure 8-1; Schematic of thesis chapters with primary outcomes. ..................................................................... - 141 - 

Figure 1-1. Graphic depiction comparing the distribution associated with Convection-Enhanced Delivery (CED) 

and bolus injection (reproduced and modified from (Lam, Thomas and Lind, 2011). Note that the region of high 

concentration has spread laterally a much larger distance from the catheter than simply injecting a bolus which is 

the signature of CED. ........................................................................................................................................... - 152 - 

Figure 1-2. Device design groups used in CED studies (left to right ); End Port Cannula, Multi-Port Cannula, Porous 

Tipped Catheters, Balloon Tipped Catheters and Stepped Profile Catheters,Ù image reproduced and modified from 

(Debinski and Tatter, 2009).................................................................................................................................. - 153 - 

Figure 2-1. Increases in flow rate have been shown empirically to generate increases in reflux along the catheter 

track - graph reproduced and modified from Chen et al 1999. ........................................................................... - 154 - 

Figure 2-2. Graphical representation of uneven flow distribution within multiport hydrocephalus catheters (black) 

and a more even flow which could be achieved through modifications to the hole profiles and arrangement (white). 

The distal end is shown on the left of the graph Ù image reproduced and modified from (Lin et al., 2003). .... - 155 - 

Figure 2-3. Microporous tipped cannula a) illustration of even flow possible over elongated portions of the device 

(note blocked tip), b) radial view of the cannula wall showing tortuous pathway for infusate through the porous 

wall Ù Images reproduced from (Oh et al., 2007). ............................................................................................... - 156 - 



Page XXII of 194 

Figure 2-4. Infusions into the penumbra of a resection cavity using a 2 channel Gliasite® brachytherapy catheter, 

infusing 75% saline/ 25% Gd-DTPA Magnevist Ù image reproduced from (Olson et al., 2008). ..................... - 157 - 

Figure 2-5. Infusion profiles of end port cannula (a, b) and improvement possible through introduction of a reflux 

inhibiting feature (c, d) Ù images reproduced and modified from (Krauze et al., 2005), e) MRI interventions - 

SmartFlow cannula - commercial embodiment of the stepped profile cannula. ................................................ - 158 - 

Figure 2-6. Decrease in the intensity of a gadolinium tracer in the brainstem following the end of an infusion Ù A) 

immediately after completion of the infusion, B) after 1 hour, C) after 3 hours - Note the initial increase in the 

distribution due to diffusion and clearance processes but the large drop by 3 hours post infusion (39% of the Vd at 

infusion end) - images reproduced and modified from (Lonser et al., 2007a). .................................................. - 160 - 

Figure 2-7. Assembled catheter design with a reflux inhibiting feature Ù a recessed step - images reproduced and 

modified from Gill et al. 2013. ............................................................................................................................. - 161 - 

Figure 3-1. Pyramid of effective drug delivery to the brain Ù image reproduced and modified from (Woolley et al., 

2013). .................................................................................................................................................................... - 163 - 

Figure 2-1. Fully implantable recessed step catheter assembly, inset showing a cut away view of the tubing and the 

formation of the recess (A), and step length (B). ................................................................................................ - 175 - 

Figure 2-2. Schematic of gel infusion test set up. ............................................................................................... - 176 - 

Figure 2-3. Investigational, clinically translatable infusion regimes for intermittent delivery. ......................... - 177 - 

Figure 2-4. Infusion imaging rig showing well demarcated infusion clouds within 3mm thick slices of agarose gel 

against a graduated border. ................................................................................................................................... - 177 - 

Figure 3-1. a) Q1 (top), Q5 (middle) and Q10 (bottom) trendlines for distribution length versus step length, b) Q1 

(top), Q5 (middle) and Q10 (bottom) trendlines for distribution width versus step length. .............................. - 179 - 

Figure 3-2. Q1 (top), Q5 (middle) and Q10 (bottom) trendlines for distribution volumes versus step length. . - 180 - 

Figure 3-3. a) Length of infusions achieved in the porcine grey matter; triangles=120µl (at 5µl/min), circles = 200µl 

(at 3µl/min); b) width of distributions achieved in the porcine white matter; triangles=120µl (at 5µl/min), circles = 

200µl (at 3µl/min). ............................................................................................................................................... - 180 - 

Figure 3-4. in vivo MRI scans of infusions using the recessed step catheter in the porcine model - a) 5mm step in 

putamen, b) 6mm step in thalamus, c) 8mm step in thalamus, d) 12mm step in thalamus, e) distribution volume 

achieved from infusions into the porcine grey matter; triangles=120µl (at 0.3ml/hr) circles = 200µl (at 0.18ml/hr).

 ............................................................................................................................................................................... - 181 - 

Figure 4-1. The stages of controlled reflux; a) implanted device Ù SL=Step Length, b) initial reflux, c) ramped/ 

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

lateral flow pathways, d) peak flow rate achieved and stable convection reached, e) optimal limit of delivery, f) 

overload Ù pressure exceeds inhibition feature limit. .......................................................................................... - 182 - 

Figure 4-2. a) Schematic of distribution morphology characteristics associated with increasing the step length of 

the recessed step catheter, b) actual distributions associated with increasing step lengths. ............................... - 183 - 



Page XXIII of 194 

Figure 4-3. Distribution morphology aspect ratio. .............................................................................................. - 184 - 

Figure 4-4. Examples of surgical trajectories aiming to maximise target structure coverage using the RSC, a) 

Example drug delivery surgical plan within neuro|inspireTM (Renishaw plc, UK), putamen (yellow outlines) 

coverage is targeted with an empirical infusion distribution planning guide (red outlines) delivered via four catheters 

(white outlines), b) alternative, vertically stacked  RSC entering the putamen via a posterior trajectory, c) 

transfrontal and transcerebellar catheter trajectories aimed at maximising coverage in the brain stem for indications 

such as Diffuse Intrinsic Pontine Glioma (DIPG). .............................................................................................. - 185 - 

Figure 4-5. Progression of infusion distributions: a-f) standard 40minute ramp run to peak rate of 0.6ml/hr (arrow 

indicates initiation of visible secondary reflux), g-l) standard 40minute ramp run to peak rate of 0.6ml/hr halted and 

dropped to lower rate after visible reflux begins. ................................................................................................ - 186 - 
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Nomenclature 

ɿ Displacement  

ɚ Tortuosity 

ū Porosity 

ʐ Time 

A area 

aCSF artificial Cerebro Spinal Fluid 

BBB Blood-Brain Barrier 

C Concentration 

CED Convection-Enhanced Delivery 

CNS  Central Nervous System 

CSF  Cerebro Spinal Fluid 

CUBRIC  Cardiff University Brain Research Imaging Centre 

D Diffusion coefficient 

DDS Drug Delivery System 

FEA Finite Element Analysis 

FEM Finite Element Model 

FNS Functional Neurosurgery Group (Bristol University)  

GDNF Glial cell line-Derived Neurotrophic Factor 

IGT Inner Guide Tube 

IHC Immunohistochemical/ Immunohistochemistry   

ISF Interstitial fluid 

IV Intravascular 

j flux (volumetric flow rate per unit area) 

kirr First order degradation rate constant 

NAD Neurological Applications Department (Renishaw) 

NHP Non-Human Primate 

OD Outer diameter 

OGT Outer Guide Tube 

PD ɥɰʁɺɸɽʂɾɽÜʂ ɳɸʂɴɰʂɴ 

PNS Peripheral Nervous System 

Q Volumetric flow rate 

R Universal gas constant 

RSC Recessed Step Catheter 

SEM Standard error of the mean 

STD Standard deviation 

t Time  

TE Echo time (MRI parameter) 

TR Repetition time (MRI parameter) 

UPDRS ɪɽɸɵɸɴɳ ɥɰʁɺɸɽʂɾɽÜʂ əɸʂɴɰʂɴ ɧɰʃɸɽɶ ɨɲɰɻɴ 

v Velocity 

V Volume  

X Distance 
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Glossary  

Backflow See ÛʁɴɵɻʄʇÜ 

First-in-man Seminary use of a technology or pharmaceutical in a human subject 

Glia Limitans A naturally occurring boundary within the cortex which limits the development of glial 

cells beyond the cortical layer of the brain 

Intraparenchymal Within the body of an organ, within the context of this thesis this predominantly refers 

to the brain 

Interstitial  The space between cells, in the context of this thesis this refers specifically to the space 

between cells in the brain tissue 

Locally advanced  Spread of cancer to local, surrounding tissues 

Metastasis Cancer which has spread from one organ or place of the body to another 

Neuroglia Aside from neurons (the cells which carry nerve impulses) these cells are the most 

prolific within the brain and are responsible for homoeostasis and immune response 

to injury/ insult  

Parenchyma The functional tissue within on organ of the body 

Penumbra In the context of a neurological tumour, it is the area of tissue which immediately 

surrounds the tumour mass or resection cavity following surgery which is most at 

risk of local advancement or causing metastasis  

Reflux The undesirable backflow of fluid around the exterior face of a catheter positioned in 

the brain tissue (not a cavity)  

Solute   A substance dissolved in a solvent 

Solution   Solvent + Solute = Solution  

Solvent   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 regulation of the heart, or the decision 

to lift a coffee cup at the start of the day, the brain is involved in all aspects of conscious and unconscious thought, action 

and deed.  

Keeping it healthy is therefore paramount, and when disease or infection arise, it is desirable to bring the brain back into a 

ʂʃɰʃɴ ɾɵ ɽɾʁɼɰɻɸʃʈ ɰʂ ʂɾɾɽ ɰʂ ɿɾʂʂɸɱɻɴ ʂɾ ʃɷɰʃ Ûɱʄʂɸɽɴʂʂ ɰʂ ʄʂʄɰɻÜ ɲɰɽ ʁɴʂʄɼɴ.  

The consumption of drugs to alleviate illness, whether as a tablet or injection are now commonplace, either as over-the-

ɲɾʄɽʃɴʁ ɼɴɳɸɲɰʃɸɾɽʂ ɾʁ ʅɸɰ ɰ ɳɾɲʃɾʁÜʂ ɿʁɴʂɲʁɸɿʃɸɾɽ. ɬɷɸɻɴ ʂɼɰɻɻ ɼɾɻɴɲʄɻɴʂ ʂʄɲɷ ɰʂ ɰɻɲɾɷɾɻ, oxygen or paracetamol can enter 

the cerebrospinal fluid within the brain (Langford et al., 2016; Kumpulainen et al., 2007), large macromolecules are 

prevented from passing from the blood into the brain by the blood brain barrier (BBB). This naturally occurring filtration 

system was discovered when neurotoxins were shown to affect only the brain when injected directly into the brain tissue, 

and not when delivered systemically (Lewandowsky, 1909). It was not until the late 1960s that the barrier was identified as 

the tight junctions between endothelial cells which line the blood vessels (Reese and Karnovsky, 1967). The BBB is a useful 

feature in nature to protect the brain from toxins that might be ingested from the environment, but problematic in the field 

of pharmaceuticals where man made drugs are too big to pass into the brain freely. The BBB typically prevents over 99 % 

of systemically delivered drugs from entering the brain (Stockwell et al., 2013). 

Technologies in the form of medical devices to aid in the transfer of these macromolecules to the brain tissue directly are 

few and far between, despite a clear need across numerous medical conditions. Children with brain stem tumours continue 

to have a short life expectancy following diagnosis (median survival ~9months (Singleton et al., 2018)) and the burden of 

ɽɴʄʁɾɳɴɶɴɽɴʁɰʃɸʅɴ ɳɸʂɴɰʂɴʂ (ɥɰʁɺɸɽʂɾɽÜʂ, ɖɻʉɷɴɸɼɴʁÜʂ, ɝʄɽʃɸɽɶʃɾɽÜʂ, ɴʃɲ.) ɾɽ ɷɴɰɻʃɷɲɰʁɴ ʂʈʂʃɴɼʂ ɲɾɽʃɸɽʄɴʂ ʃɾ rise in line 

with the global population and improved registration in less developed countries.  

One of the key challenges to treating neurological conditions therefore remains, overcoming the BBB to deliver drugs 

directly to the site of action. Such a technique was described in the mid-1990s by a group investigating ways of improving 

dispersion of drug during injection into the brain tissue (Bobo et al., 1994). Slow injection flow rates (0.1-1.0 µl/min) were 

used to gradually increase the local hydrostatic pressure to push fluid radially away from the injection site. The method was 

termed convection-enhanced delivery (CED), which overcame the issues of backflow (reflux) along the catheter track which 

was prevalent in previous injection studies.  

Since 1994 however several high profile clinical trials failed to meet their clinical outcomes, dampening the adoption of 

CED as a paradigm for the treatment of neurological disease (Nutt et al., 2003; Lang et al., 2006; Kunwar et al., 2010). 

While poor drug efficacy could not be ruled out, follow up studies repeatedly showed that successful delivery of the fluids 

to the target region of the brain was not achieved (Mueller et al., 2011; Sampson et al., 2010) suggesting that improved 

technology for single and repeated delivery may yet provide a pathway to treating these debilitating conditions.  
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The author formed part of a collaboration between academia, industry and healthcare to create a novel system for the direct 

injection of drugs into the tissue of the brain, and resolve limitations in the technology seen in previous drug trials which 

failed to meet their goals. The development of the system is beyond the scope of this thesis, though is detailed in numerous 

co-authored publications.  

ɩɷɴ ɳʁʄɶ ɳɴɻɸʅɴʁʈ ʂʈʂʃɴɼ ɳɴʅɴɻɾɿɴɳ ʆɰʂ ʄʂɴɳ ɸɽ ɰ ɲɻɸɽɸɲɸɰɽ ɻɴɳ ʂʃʄɳʈ ɸɽ ɗʁɸʂʃɾɻ, ɪɠ, ʆɷɴʁɴ ɥɰʁɺɸɽʂɾɽÜʂ ɳɸʂɴɰʂɴ ɿɰʃɸɴɽʃs 

were enrolled to receive monthly infusions of a protein, directly into their brains for 18 months, in the hope of halting, and 

possibly reversing the symptoms of their disease. As a first-in-man study of not only this technology, but also the method 

of intermittently infusing fluid monthly into the tissue of the brain, this represented a unique opportunity to evaluate and 

optimise chronic, intermittent delivery. 

The aim of this thesis was to collate and interpret the device related data from the clinical study and develop strategies for 

optimising distribution of drugs into the brain tissue to maximise the likelihood of drugs producing clinical improvements 

in diseased patients in future studies.  

The objectives of the project were; 

- To collate device related distribution data from the first-in-man clinical study to form a baseline of intermittent 

delivery performance  

- Critique the methods used to deliver drugs intermittently and identify opportunities for improvements, with respect 

to device performance 

- Review the current choice of materials used in the production of brain mimics for opportunities to improve the 

reliability of evidence generated on device performance in laboratory evaluations 

- Implement a parametric study of the recessed step catheter design for drug delivery to baseline performance when 

the device features are modified, or the device is used with differing, clinically useful flow rates  

- Create a finite element model of the device and infusions to describe the mechanical strains present around an 

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 distribution 

performance during repeated, intermittent infusions in the brain 
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2 Literature review  

2.1 An introduction to the field of direct delivery of therapeutics to the brain 

This chapter contains work previously published within the Journal of Neuroscience Methods review article ÝChronic, 

intermittent convection-ɴɽɷɰɽɲɴɳ ɳɴɻɸʅɴʁʈ ɳɴʅɸɲɴʂÞ (Lewis et al., 2016)  

The healthcare and social burden of neuro-degeneration and neuro-oncology is large and increasing. Global figures are 

difficult to ascertain as poorer nations have inadequate methods of identifying and disseminating frequencies. However, 

with over 4.6 million patients identified with ParkinsonÜʂ disease (PD) in the top 10 populated countries of the west, and in 

excess of 20 million with AlzheimerÜʂ disease (Kowal et al., 2013; Dorsey et al., 2007) there is a clear need for a treatment 

option capable of delivering therapeutics to the tissues affected by these, and other neurological conditions. Further, forecast 

burden models predicted that PD cases will double within 15-25 years while AlzheimerÜʂ disease may triple (81.1 million) 

by 2040 (Lopez, 2011; W.H.O., 2006). This will place a very high demand on healthcare resources all over the world. 

Delivery of medicines to the body is usually accomplished through oral or intravascular (IV) administration. These routes 

place active molecules within the bloodstream which are then indiscriminately transported all over the body through the 

vascular system. Vessel walls are lined with endothelial cells, which are joined by tight junctions. Within the brain, it is 

these tight junctions which permit the transfer of oxygen and nutrients to the surrounding tissues but are also responsible 

for preventing the migration of large therapeutic molecules to areas affected by disease. This filtration network protects the 

brain from injected poisons and other dangers ingested from the environment and is termed the Blood-Brain Barrier (BBB) 

(Bauer et al., 2014). It is the BBB which prevents oral or IV routes of administration from being viable treatment options 

as  <1 % of systemically administered drugs reach the brain (Stockwell et al., 2013). In order to achieve therapeutic levels 

in the target tissues, it would be necessary to deliver drugs systemically at such elevated levels that they become toxic to 

the other tissues of the body. 

Bypassing the BBB and directly injecting therapeutics into the target tissues of the parenchyma is a long-hypothesised 

alternative.  

Cannulae placed into the brain could deliver therapeutics by displacing the interstitial fluids between the cells and inducing 

flow through the porous brain tissue. As the brain tissue is soft, it is the sealing force against the cannula wall which retains 

the fluid in the tissues around the injection site. In 1994 it was shown that injection was an inadequate method of delivery 

as the flow rates used were routinely too high and injected boluses overwhelmed the sealing pressure and refluxed back 

along the catheter track (Bobo et al., 1994). If injection rates were lowered and pressures gradually increased to mimic 

vasogenic oedema, fluids would convect through the porous substrate from a point source.  
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Figure 2-1. Graphic depiction comparing the distribution associated with Convection-Enhanced Delivery (CED) and 

bolus injection (reproduced and modified from (Lam, Thomas and Lind, 2011). Note that the region of high 

concentration has spread laterally a much larger distance from the catheter than simply injecting a bolus which is the 

hallmark of CED.  

Convection dramatically increased the radial concentration of therapeutic macromolecules in tissues away from the catheter 

site (Figure 2-1) (Bobo et al., 1994; Morrison et al., 1994). This method was termed Convection-Enhanced Delivery (CED) 

and it remains a popular term for this paradigm for research.  

Translation of CED into clinic has not only been slow, but a standard treatment which indicates the use of CED does not 

currently exist. Despite positive results in pre-clinical animal research (Gash et al., 1996) as well as investigational, clinician 

led (unblinded) studies in humans (Gill et al., 2003; Slevin et al., 2005; Patel et al., 2013), formal, blinded clinical trials 

have failed to meet their primary endpoints (Lang et al., 2006; Kunwar et al., 2010). As the system is considered a 

combination therapy in the United States, no translation through trials to market of a medical device has yet been achieved.  

Retrospective investigations found that overly ambitious study design, higher than expected placebo affects, catheter target 

accuracy and predictability of distributions were major factors in failing to achieve successful outcomes (Mueller et al., 

2011; Sampson et al., 2010).  

 

Figure 2-2. Device design groups used in CED studies (left to right ); End Port Cannula, Multi-Port Cannula, Porous 

Tipped Catheters, Balloon Tipped Catheters and Stepped Profile Catheters,Ù image reproduced and modified from 

(Debinski and Tatter, 2009). 

Recent improvements, notably to the delivery platform, have reinvigorated the application of clinical CED with eight active 

studies registered in 2015 (ClinicalTrials.gov, 2015b). Improvements in cannula/ catheter design also progressed in parallel 

to these studies, incorporating features aimed at minimising the likelihood of reflux (Figure 2-2). Only a small number of 
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devices have been commercialised which display acceptable acute performance when used with the principles of CED 

(Brady et al., 2014; Richardson et al., 2011). Progress in this field has therefore focused on acute or short-term infusions. 

 
a) b) c) d) e) 

Figure 2-3. Infusion profiles of simple end port cannula [stainless steel hypotube] which experience large backflow 

characteristics (a, b) and improvement of control and predictability possible through introduction of a reflux inhibiting 

feature [step] (c, d) Ù images reproduced and modified from (Krauze et al., 2005), e) MRI interventions - SmartFlow 

cannula - commercial embodiment of the stepped profile cannula. 

Acute devices tend to be made from stiff, ceramic tubes to aid their stereotactic delivery, but this makes them unsuitable for 

long term implantation as they do not comply with the movement of brain tissue. This has been shown to have detrimental 

effects on the sealing action around the implanted cannula during long term, low flow infusions (Guarnieri, Carson and 

Jallo, 2008). Stiff cannulae could induce significant trauma if left in place after the patient was recovered from general 

anaesthesia. Features such as increases in diameter (steps) are incorporated to increase stiffness proximal to the entry point 

at the skull surface to aid target accuracy and also to increase the radial compression from surrounding tissues, decreasing 

the likelihood of reflux occurring during delivery when compared to other catheter designs (Figure 2-3 & Figure 2-4).  

 

Figure 2-4. Alcyone lifesciences Inc, MEMS catheter design, commercially available twin bore cannula used for acute 

infusions - (Brady et al., 2014). 

Polymeric designs which are more pliable are better suited to longer term implantation but require additional support during 

delivery to achieve target accuracy, which is typically achieved with stiff guide rods (Gill et al., 2003; Gill et al., 2013; 

Rosenbluth et al., 2011). 
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Figure 2-5. Assembled catheter design with a reflux inhibiting feature Ù a recessed step - images reproduced and 

modified from Gill et al. 2013. 

Implanted catheters also incorporate stepped and recessed profiles to minimise the likelihood of reflux, though little 

information is available on their chronic (long term) performance (Gill et al., 2013).  

The integrity of neural tissue following long term delivery has not been directly quantified, however immunohistochemical 

analysis of the first (available) subject to receive continuous infusion of GDNF into the brain using an implanted pump, 

showed evidence of clinical improvement, but local toxicity, likely as a result of point source accumulation of the protein 

(Love et al., 2005; Barua et al., 2013c).  

Chronic, intermittent delivery could be useful to treat a range of neurological conditions ʂʄɲɷ ɰʂ ɖɻʉɷɴɸɼɴʁÜʂ disease, 

ɥɰʁɺɸɽʂɾɽÜʂ disease (Gill et al., 2003) and Gaucher Disease (Lonser et al., 2005), and even treat traumatic spinal injuries. 

Repeated infusions could maintain elevated levels of therapeutic within a target tissue, where it is quickly cleared or 

metabolised (e.g. chemotherapy).  

The application of chronic CED may also be useful in the treatment of brain tumours such as Glioblastoma Multiforme 

(GBM) and Diffuse Intrinsic Pontine Glioma (DIPG) tumours, targeting strategies will be key to place long term catheters 

in areas of likely recurrence.  

Novel, chronic systems will provide clinicians with Ûɴɽɰɱɻɸɽɶ ʃɴɲɷɽɾɻɾɶʈÜ ʃɾ ʃʁɴɰʃ ɿɰʃɸɴɽʃʂ ɰɽɳ ɿʁɾʅɸɳɴ ʃɷɴ ɿɷɰʁɼɰɲɴʄʃɸɲɰɻ 

industry with a new platform to develop therapeutics. Broadening the knowledge of this niche has been hindered in part by 

the lack of commercially available chronic CED systems to undertake clinical research.  

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

catheter (Figure 2-5), which will provide a means of administering therapeutics intermittently over several years.  

2.2 Mathematical and computational modelling of porous flow in the brain   

To understand how to optimise the performance of long-term indwelling catheters, this section will review published data 

to understand the mechanisms of diffusion, convection, porous flow and the modelling of CED catheters.  
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Within the medical field, drug delivery encompasses a wide range of treatment paradigms which range from topical creams 

and intravenous injection to inhalation systems (e.g. asthma pumps) and drug-eluting polymers (e.g. Carmustine [Gliadel®] 

wafers), among numerous others. 

In the context of drug delivery directly to the brain, there are unique environmental factors which define the substrate and 

the travel of the molecule within it. 

For products such as the anticancer, drug eluting (Gliadel®) wafers described above, diffusion is the dominant mechanism 

for drug dispersal. The particle flux (ɹ) ɸɽ ɰ ʂʄɱʂʃʁɰʃɴ ɸʂ ɳɴɵɸɽɴɳ ɱʈ ɛɸɲɺÜʂ ɡɰʆ (Equation 2-1) linking the linear distance (x) 

from a starting point of a particle through a substrate based on a diffusion coefficient (D) and an initial concentration (Fick, 

1855).  

Equation 2-1.   ▒● ╓
⸗╒

⸗●
 

Where the substrate is homogeneous, a constant diffusion coefficient can be used. Where the free diffusion value and 

substrate tortuosity (hindrance to the travel of the infusate) are known, Equation 2-2 can be used to determine the local 

tissue diffusion tensor value, Dt (Sykova and Nicholson, 2008).  

Equation 2-2. ╓◄
╓

ⱦ
 

Where empirical data is acquired through experimentation and the distance travelled by the infusate from an input source 

over time are known, Equation 2-3 may be used to determine the diffusion tensor (Saltzman, 2001). 

Equation 2-3. ╓◄
♯

Ⱳ
  

Where D is the free diffusion coefficient of the molecule in water, ŭ is distance from the source and Ű is time.  

Medical devices employing diffusion alone limit the extent and clinically relevant concentration of a drug to the tissues 

immediately around the implant (Bobo et al., 1994). Treatment efficacy is significantly diminished for drugs with short 

half-lives, or where the diseased area extends beyond a few millimetres (such as the penumbra of a resected tumour). 

ɘɾɽɳɸʃɸɾɽʂ ʂʄɲɷ ɰʂ ɥɰʁɺɸɽʂɾɽÜʂ ɾʁ ɻʈʂɾʂɾɼɰɻ ʂʃɾʁɰɶɴ ɳɸʂɾʁɳɴʁʂ, ʆɷɸɲɷ ɼɰʈ ʁɴʀʄɸʁɴ ʁɴɿɴɰʃɴɳ ɳɴɻɸʅɴʁʈ ɾɵ ɰ drug after the 

initial volume is lost or metabolised are not catered for using a one-time drug eluting implant.  

Direct delivery of a drug to the interstitial spaces of the brain tissue is therefore an attractive alternative to systemic routes 

which, as previously described, provide negligible transfer of the drug from the blood into the brain tissues. Bolus injection 

(volumetric flow rates (Q) >50 µl/min) are not appropriate for direct delivery as the excess local pressures open a fluid path 

between the needle and the tissue and infusate refluxes to the surface of the brain, leaving a high concentration only in the 

needle track (Figure 2-1). Convection-Enhanced Delivery bridges the gap between the diffusive and bolus injection speeds, 

providing a method of increasing the concentration of drug deep into the surrounding tissues (Bobo et al., 1994). CED 

therefore relies on increasing the local hydrostatic pressure to induce bulk flow of the interstitial fluid away from the fluid 
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outlet of the delivery device. High flow (>1 µl/min) is needed to induce convection which overwhelms the natural interstitial 

fluid flow to initiate bulk flow in the tissue (Morrison et al., 1994; Belova, Shaffer and Trapa, 2017).  

Numerous groups have sought to mathematically and computationally describe the distribution of molecules in the brain 

following CED infusions (Morrison et al., 1994; Linninger et al., 2008c; Raghavan et al., 2006; Belova, Shaffer and Trapa, 

2017; Zhang, Yang and Jiang, 2012) (Figure 2-6). 

  

Figure 2-6. 2D Finite element model of the brain with a cannula placed into the tissue providing a point source inlet 

for fluids (Linninger et al., 2008a). 

The base equation for convection was described by Morrison et al (Morrison et al., 1994). The partial differential equation 

defines the concentration of a solute within a porous substrate as a function of time (Equation 2-4). 

Equation 2-4. 

 Ὑ Ὀ Ͻɳ‰ɳ ὧ Ͻɳ‰ὺὧ ὧ Ὧ ὧ 

 

 

 

 

 

 

 

 

Where the time dependant concentration of a solute within a differential volume (left-hand term) is determined by the net 

diffusion, convection and losses into and out of that volume (Equation 2-4). 

Belova et al (Belova, Shaffer and Trapa, 2017) refined the equation to ignore specific and non-specific binding and 

metabolism in their mathematical investigation of GDNF concentration following CED. 

Equation 2-5.  ꜚ
⸗╬╘╢╕

⸗◄
♩Ͻ ╓ꜚ◄Ͻ♩╬╘╢╕ ♩Ͻ ○ꜚᴆ╘╒╕╬╘╢╕ ▓░►►╒╘╢╕ 

Where: C=infusate concentration, ISF=interstitial fluid, ʌ=tissue porosity,  ○ᴆ╘╒╕= interstitial fluid velocity, Dt is the 

macromolecular diffusion tensor, Kirr is the first order degradation rate constant. 

Diffusion Convection Loss into 

microvasculature 

Loss due to 

metabolism 

Net 

Concentration 
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Both the diffusion tensor and the porosity are tissue type dependant as white and grey matter are known to have different 

porosity (Grey-0.2, White Ù 0.18 (Linninger et al., 2008c)) which affect the magnitude of the diffusion tensor. White matter 

provides additional complexity as it is anisotropic, with fluids preferentially flowing parallel to the axes of the nerve fibre 

bundles, giving the diffusion tensor a directionality, which are specific to the orientation of the local nerve fibre tracts. The 

diffusion vector can be established through magnetic resonance imaging using a diffusion tensor imaging sequence (MRI-

DTI) which can be incorporated into computational models of the brain (Figure 2-7) to predict fluid flow in situ (Linninger 

et al., 2008b; Kim, Mareci and Sarntinoranont, 2010; Sarntinoranont et al., 2006; Messaritaki et al., 2018). The example 

of such a workflow has been provided in Figure 2-7 and illustrates an MRI image on the left with a representative finite 

element model on the right. The finite element model contains more than the location of the grey and white matter.  

Numerous MRI scan types exist (each tailored to collect specific information about the tissues under investigation). Basic 

imaging such as a T1 weighted image can identify spatially where grey and white matter occurs in the brain in addition to 

structures like voids (nasal cavity) or CSF spaces. As a volume, the MRI scans are built from 3D voxels (with an x, y and z 

component), like a 2D picture is made up of pixels (which have only x-y lengths). The finite element model can then be 

constructed by importing these voxels and allocating values for porosity or permeability based on the values (e.g. intensity 

levels) of the MRI scan and its known association to empirical values. Further scan types, such as Diffusion Tensor Imaging 

(DTI) can add a directionality tensor to the white matter, such that infusates preferentially flow in a certain direction if they 

pass into those voxels as the finite model is run.   

Prospective and predictive models are commonplace in various fields to try and estimate outputs based on a set of inputs 

to variables with known relationships [e.g. weather forecasts which predict: windspeeds, rainfall, cloud cover and 

temperature; or Structural FEA models which estimate mechanical properties, deflections, stresses and strains (outputs) 

based on material properties, boundary conditions and loads (inputs)(e.g. Ridgeway et al., 2020); or clinical predictive 

models of symptom progression based on previous pathology (e.g. Dumont, 2016) ]. 

 

Figure 2-7. A voxelized DTI scan of a rat brain (left) and a Finite Element model of the same scan (right) 

demonstrating how diagnostic data can be engineered into a prospective, predictive model which can be tailored 

bespoke to each patient (Kim, Mareci and Sarntinoranont, 2010). 
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Retrospective attempts to analyse CED infusions, which occurred in patients with high grade recurrent glioma, showed 

agreement of 50 % isodose (radiation) level in 66 % of the simulation, providing clinically useful information 85 % of the 

time (Sampson et al., 2007).  

Take home message 

Continued development of patient specific models and their integration into surgical workflow and planning software will 

improve device performance. Improved coverage (or retention) of infused drug in the target structures will provide the best 

initial conditions to evaluate clinical improvements in patient outcomes, but such models require empirical knowledge about 

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 and implanted devices and its effects on CED  

In order to understand how the performance of CED catheters may be affected by the duration of implantation, it is prudent 

to characterise the environment surrounding the catheter. Presented here is a discussion on the homeostatic environment 

surrounding the catheter and, later a discussion on how this environment will likely change as a result of the damage caused 

by surgery and long-term implantation of the system which will affect the predictive accuracy of porous flow models based 

on acute parameters.  

2.3.1 The tissue environment 

The nervous system is divided at the simplest level into the Central Nervous System (CNS) and the Peripheral Nervous 

System (PNS). The CNS comprises the brain and spinal cord while the PNS is made up of all other nervous tissues. Visually 

the brain appears very complex with highly undulating sulci covering the external surface, internal chambers (ventricles) 

filled with Cerebrospinal Fluid (CSF), the bulbous cerebellum at the rear of the brain as well as the fibrous sheaths which 

separate the various compartments of the brain (these are the meninges; dura mater, arachnoid mater, pia mater) which also 

extend to surround the spinal cord. The bulk of the brain, the nervous tissue, is however made up of two major cell types: 

neurons and neuroglia.  

Ýɣɴʄʁɾɽʂ ɰʁɴ ʁɴʂɿɾɽʂɸɱɻɴ ɵɾʁ ɼɴɼɾʁʈ, ʃhought, muscle control and the regulation of glandular secretionsß.Þ (Tortora, 

2009) 

Sensory neurons are the cells which collect stimuli of various types (heat, light, force, etc.) from all over the body and 

convert the input into an electrical signal which is transmitted along the cell (the action potential). Motor neurons are 

involved in the execution of motor actions and interneurons connect different neuronal pathways throughout the CNS and 

are involved with internal processing. Neurons are diverse in their neural circuit connections and functionality which is why 

damage to a small area can have catastrophic neurological consequences. Dimensionally, neurons range from a few 

millimetres in length to single cells which can stretch the full length of the body (brain to foot). Neurons have a highly 

complex cell form with branch like structures at either end of a long axonal trunk (Figure 2-8). The ÛdendritesÜ are the 

prominences which gather incoming signals from stimuli at one end of the neuron and ɿɰʂʂ ʃɷɴɼ ʃɷʁɾʄɶɷ ʃɾ ʃɷɴ ÛaxonÜ 

which is responsible for transmitting the nerve impulse the greatest distance. The impulse is achieved with the assistance of 

the myelin sheath which surrounds the axon, this insulates and accelerates the ionic exchange at the inner surface against 

the cell wall. At the distal end of the neuron, the signal reaches the ÛAxon terminalsÜ which discharge the signal to adjacent 

cells (e.g. muscles, glands, neurons). The cell nucleus is located within the centre of the dendrite cluster. If damaged, neurons 

generally do not have the capacity to divide through mitosis and regenerate lost function. Such cells are described as 

permanent cells. 
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Figure 2-8. Illustration of a neuron with distinguishable features identified. 

The other major cell type found in the CNS is Neuroglia (Table 2-1). This family of cells make up ~50 % of the bulk of the 

CNS, and while they are smaller than neurons, they are 5 to 50 times more numerous. Neuroglia are responsible for an array 

of functions, including the creation of nerve impulses, and assisting with maintaining the local homeostasis of the 

environment that surrounds the neurons, the extracellular matrix (Tortora, 2009).  

The extracellular matrix fills the interstitial space (space between cells-Figure 2-9) and is comprised of a solution of 

supportive proteins, molecules and ions (Na+, K+, Cl-) at various concentrations in CSF. The correct balance of ions is 

required to generate the action potential responsible for the nerve impulse (Raven and Johnson, 1996). 

 
Figure 2-9. An electron micrograph showing the interstitial spaces in the rat cortex Ù image replicated from (Roitbak 

and Sykova, 1999). 

In all, there are six major types of neuroglia but only four are found in the CNS, Schwann cells and satellite cells are limited 

to the Peripheral Nervous System (PNS) (Table 2-1). It is important to know the function of these cells as they are important 

not only in the homeostatic management of the brain tissues but also in the response to injury and healing which will be 

covered in the following sections.  

As shown in Figure 2-10, when sectioned, the brain appears lighter and darker in different areas, these are known as the 

white and grey matter respectively.  

  

Interstitial spaces 

Cell bodies 

Dendrites  

Axon 

Axon terminals 
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Table 2-1. Glial cell types, function and location in the nervous system. 

NeuroGlia cell type Shape /Primary function  Location 

Astrocyte 

Varieties are found in both grey (protoplasmic Ù branched processes) and white matter 

(fibrous Ù un-branched processes)/ responsible for providing structural strength to neurons, 

maintain local ion (K+) balance, maintain selective permeability of the endothelial tight 

junctions of the capillaries and act as a conduit for nutrients between the capillaries and the 

neurons. Astrocytes are highly heterogeneous and poses region specific functionality.  

CNS 

Oligodendrocite 
Branched cell which covers many axons (similar but smaller than astroglia)/ responsible for 

forming the myelin sheath around axons in the CNS 
CNS 

Ependymal cells 
Cuboidal with microvilli and cilia / Line ventricles and central spinal canal Ù produce CSF 

and assist with circulation  
CNS 

Microglia 
Small cells with thin branches/ phagocytes that remove debris from damaged neural tissues 

and consume microbes 
CNS 

Schwann cell 

Large cells which cover a single axon or a cluster of axons (like a multi-lumen tube)/ 

responsible for forming the myelin sheath around axons in the PNS and also contribute to 

axon regeneration in the damaged PNS  

PNS 

Satellite cell 
Flat cells that cover the neuron cell bodies in the PNS/ Regulate exchanges of materials 

between cell body and interstitial fluid 
PNS 

Functionally, the white matter is responsible for the transfer of nerve signals, the motorways which carry the electrical signal 

throughout the body. The white appearance of the tissue is caused by the fatty (lipid) myelin sheath which surrounds the 

neuronal axons. Conversely the darker appearance of the grey matter is due to the lack of myelinated axons in these areas 

of tissue. The grey matter is comprised of neuron bodies, dendrites, unmyelinated axons, axon terminals and neuroglia.  

The cells which occupy the grey matter account for ~80 % of its volume, leaving the remaining ~20 % occupied by the 

extracellular matrix (Roitbak and Sykova, 1999). During infusions, it is this interstitial space which is invaded and occupied 

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

The ratio of interstitial space within a volume of tissue (the rest being occupied by cells in the context of this work) is known 

as the pore fraction or extracellular volume fraction (EVF). The pore fraction varies between tissue types depending on its 

density and arrangement of cells. 

 
Figure 2-10. Perfusion fixed coronal section of NHP brain.  

White Matter 

Grey Matter 
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The EVF of white matter is ~1/3 (which would result in a 3 fold increase in any fluid infused into it) while the EVF of the 

brainstem is ~1/9 in healthy tissue. Compromised nervous tissue can dilate the extra-cellular spaces reducing the local 

density of cells and alter the ÛɽɾʁɼɰɻÜ EVF (Lonser et al., 2002; Lonser et al., 2007a; Lonser et al., 2007b).  

2.3.2 The immunological response to injury and medical device implantation 

Homeostasis in normal healthy tissues is achieved by receiving nutrients and other chemical species for ongoing 

maintenance from a support network of cells and vessels. Cells of the immune system which provide healing and protection 

from foreign pathogens or injury are present within the bulk of the tissues in addition to the lymph and blood vessels.  

In response to injury a chemical imbalance in the microenvironment is triggered which initiates a chain of chemical reactions 

which starts with acute inflammation and ends ultimately in healing and reconstitution of the tissue, or the formation of 

fibrous tissues which attempts to protect the body and return the local area to a condition of homeostasis. The cascade of 

cellular activities leading to healing or fibrosis is sometimes known as the Ýʃɸʂʂʄɴ ʁɴʂɿɾɽʂɴ ɲɾɽʃɸɽʄʄɼÞ(Anderson, 2001) Ù 

(Figure 2-11). 

 
Figure 2-11. The cascade of cellular events and associated cell types present at the site of injury during the generalised 

tissue healing process Ù figure replicated from Anderson et al (Anderson, 2001). 

2.3.3 Stages of injury and healing  

Many variations on the terms used in the healing of tissues can be found in the literature but all cover broadly the same 

chemical and cellular events in different levels of detail (Table 2-2). The presence 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. microglia).  
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Table 2-2. Stages of generalised and specific healing proposed by various authors. 

  Description of activity within tissues following injury/ device implantation 

 Location General General Brain 

S
ta

g
e

s
 

0 Homeostasis Homeostasis Homeostasis 

1 Injury Injury Injury 

2 Acute inflammation Haemostasis Microglia/ Macrophage infiltration 

3 Chronic inflammation Inflammation Up-regulation of GFAP, Trophic 

factors, cytokinases, proteases, 

protease inhibitors, cell surface and 

matrix molecules 

4 Granulation tissue (Cell)Proliferation/ initial 

repair 

Glial scar formation and infiltration of 

meningeal cells (where the meningeal 

layer is compromised) 

5 Foreign body reaction/ 

Fibrous capsule 

formation 

Remodelling  

 Source (Anderson, 2001) (Kuhn, 2005) (Fawcett and Asher, 1999) 

2.3.3.1 Injury 

Initially, tissues are subjected to an insult or injury which damages the stroma (structural cells) and parenchymal cells (active 

organ cells) within the local environment. Blood vessels are inevitably ruptured leading to the traverse of blood and blood 

products into the wound site which form a thrombus (blood clot).  

2.3.3.2 Acute inflammation 

Proteins from the blood will quickly be deposited onto any foreign body in the wound area (within the context of this review 

the foreign body would be an implanted medical device), the deposition (or adsorption) of these proteins onto the surface is 

termed the formation of the provisional matrix. This protein deposition is spontaneous and immediate and plays a role in 

the extent of the downstream reactions which occur in the healing process (Anderson, 2001; Kuhn, 2005).  

It is the breakdown of this provisional matrix which releases chemical species which control the serial stages of acute 

inflammation, wound healing, chronic inflammation, granulation and fibrosis. 

During the acute inflammation stage, the wound is saturated with neutrophils. These are a type of granulocyte white blood 

cell, the most prevalent in mammals. Mast cells will also be present at this stage and through their de-granulation they 

secrete substances to control/ mediate the acute inflammatory response (e.g. signalling cytokines). Histamine is released by 

mast cells to increase the permeability of blood vessels and increase the flow of white blood cells to combat foreign 

microbes. Interleukin 4 and 13 are also released and these are known to play a role in the later formation of Foreign Body 

Giant Cells (FBGC) Ù section 2.3.3.4.  

2.3.3.3 Chronic inflammation 

Once haemostasis is achieved, mononuclear cells (e.g. monocytes, lymphocytes) are recruited to the area in large numbers, 

this signifies the chronic inflammation stage. Within the brain, microglia are recruited in large numbers but also divide to 

flood the injured area filling spaces previously occupied by now damaged neurons (Fawcett and Asher, 1999). The purpose 
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of these cells is to fight off any invading microbes within a wound through phagocytosis, the consumption of the foreign 

cell/ matter. Macrophages are capable of phagocytosing particles approximately 5µm in size (Anderson, 2001). If it is not 

possible for a phagocyte to engulf a foreign body then other adaptive and non-adaptive mechanisms exist within the body 

to combat intruders, such as the complement system. The complement system is part of the immune system and is comprised 

of a family of molecules. When any one of the family of complement molecules are activated, they divide in a cascade 

activating the remaining complement molecules. Active molecules attach like a key to foreign cell walls, combining to form 

a gate/ hole which permits the entry of extracellular fluid into the cell causing it to swell, leading ultimately to cell lysis 

(Tortora, 2009). This system is only one of a range of molecular options available within the immune system which can be 

recruited to combat injury, and ultimately lead to changes in the environment around the implanted system.  

2.3.3.4 Foreign body reaction 

As previously mentioned, macrophages are capable of engulfing single particles up to 5µm in size. For larger particles 

(>10µm), typical in medical device implantation, macrophages cannot consume the foreign material which results in a state 

of frustrated phagocytosis. Macrophages can then combine to form Foreign Body Giant Cells (FBGC). These cells have the 

capacity to phagocytose larger particles but for whole devices, phagocytosis is not feasible. Consequently these cells can 

produce acidic compounds in an effort to degrade the material. Such degradation was shown to damage neuronal cells 

(Hayn, Deppermann and Koch, 2017) as well as implanted polyurethanes (Anderson, 2001). While typically seen around 

the same time as the formation of granulation tissue, the presence of FBGC has also been used to denote the chronic 

inflammation stage in medical device implantation. Mediation of the FBGC reaction is possible through inhibitory agents 

(e.g. Anti Il-4, Anti Il-13) or modified surface properties of medical devices (Anderson, 2001; Kuhn, 2005). 

2.3.3.5 Granulation tissue formation 

Granulation tissue is characterised by the formation of new blood vessels (neovascularisation) or vessels sprouting from 

existing vessels (angiogenesis). There will be a large presence of macrophages and an infiltration of fibroblasts also at this 

stage. Granulation tissue is the precursor of fibrous capsule formation. The granulation tissue is normally separated from 

the medical device by a 1-2 cell deep layer of monocytes, macrophages and foreign body cells (the cellular components of 

the foreign body reaction).  

2.3.3.6 Fibrous capsule/ Gliotic scar 

Within tissues that have a high capacity for regeneration, division and recovery, granulation tissue resolves to create 

functional parenchymal tissues. In the brain parenchyma however, astrocytes rapidly differentiate to form a tightly packed 

astrogliotic scar characterised by the upregulation of GFAP and vimentin. The density is a function of the interweaving of 

the actrocyte prominences (Figure 2-12) which become more numerous and hypertrophic following injury (Fawcett and 

Asher, 1999). The extent of the fibrous capsule is, in part, affected by the severity of the trauma caused during injury and 

also by the up-regulation of proteoglycans such as chrondrotin sulphate proteoglycan (CSPGs) which is found in connective 

tissues (Tian et al., 2006). Fibroblasts and meningeal cells also migrate to the site of injury and can infiltrate the scar in an 
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attempt to protect the CNS from secondary lesions (Pekovic et al., 2005) and re-establish the glia limitans. Glial Scar 

formation is thought to be complete before six weeks (Hayn, Deppermann and Koch, 2017). 

 
Figure 2-12. Increased density of Glial Fibrillary Acidic Protein (GFAP) positive cells (astrocytes) around an 

implanted steel cannula track in the rat cortex Ù image replicated  and modified from (Hayn, Deppermann and Koch, 

2017). 

Take home message 

In order to optimise the chronic, intermittent delivery of therapeutics to the CNS it is critical to generate a basic knowledge 

of the healthy and compromised working environment. Further, the reaction to injury which will result from the implantation 

of the catheter device should be understood in order to evaluate the likely effect on distribution of therapeutics into the 

surrounding target tissues. 

2.4 Discussion 

The white and grey matter of the CNS is comprised of neurons and glial cells. These cells are surrounded by a hydrophobic 

membrane which prevents the influx of the interstitial fluid. As such, brain tissue can be considered a porous substrate, as 

infusions into the bulk of the tissue will replace the interstitial fluid in the extracellular spaces between the cells, with uptake 

of molecules into cells, metabolism and excretion occurring over a longer timeframe.  

Infusions into different areas of the brain will have different distribution patterns, governed by the density of the cells, fluid 

flow and available extracellular spaces in the local area. Infusions into white matter will likely increase in coverage of tissue 

volume threefold, while infusions into grey matter will increase approximately five fold, because they can occupy only a 

fraction of the tissue between the cells. Denser regions such as the brain stem may have even higher increases in distribution 

volume, closer to eight or nine-fold.  
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Distribution patterns will also be affected by the infusion regimes used to administer the delivery, as well as the affinity of 

the infused molecule to the local tissues. Efflux pathways within the brain (perivascular spaces and metabolism/ receptor 

binding onto or into cells) will act as sinks, removing fluid from the target zones.  

Following injury, proteins within the tissues and blood (where vessels are damaged) adsorb onto the external faces of foreign 

microbes or implanted devices. The chemical imbalance of traumatised cells cause the quiescent immune system cells to 

become active. Microglia, monocytes and macrophages are recruited to the area and attach to the proteins on the external 

face of the foreign cells or implanted device. These cells attempt to consume the foreign microbes, clear cellular debris from 

the injury or breakdown the foreign body. Failure to remove the foreign body can lead to macrophages joining to form 

foreign body giant cells (FBGC) which have additional capacity to create acidic compounds to accelerate degradation of 

materials. FBGC can remain present at the site of implants throughout their service life.  

Mast cells secrete vasodilators to increase the flow of cells to the area causing local vasogenic oedema. Microglia and 

astrocytes are activated following injury and quickly divide to fill areas of tissue previously occupied by damaged neurons. 

As the functional parenchymal cells of the brain, neurons do not have the capacity to divide and regenerate, activated 

astrocytes become hypertrophic, increasing the number of fibrils on its exterior to interconnect with adjacent astrocytes to 

form a tightly interwoven glial scar around the site of injury to protect the body. The glial scar has limited extracellular 

space and forms gap and tight junctions between the adjoining cells filaments. Implants that traverse the meningeal layers 

surrounding the brain may also be susceptible to the infiltration of meningeal cells which try to re-establish the glia limitans 

following injury.   

Repeated delivery into the tissues of the body, in particular the brain, will also be affected by the changing nature of the 

local environment around the implanted device. This dense tissue is a physical barrier to flow which presents a problem for 

ʃʁɴɰʃɼɴɽʃʂ ɳɴɻɸʅɴʁɴɳ ɱʈ ɻɾɽɶ ʃɴʁɼ ɸɼɿɻɰɽʃɴɳ ɳɴɻɸʅɴʁʈ ʂʈʂʃɴɼʂ. ɘɚə ʁɴɻɸɴʂ ɾɽ ɰ ÛɷɸɶɷÜ ɵɻɾʆ, ɿɾʂɸʃɸʅɴ ɿʁɴʂʂʄʁɴ ʃɾ ɸɽɲʁɴɰʂɴ 

lateral coverage away from the site of delivery (over natural diffusion alone which is limited to several millimetres from the 

delivery site) (Bobo et al., 1994). Such increases in pressure are however also likely to overcome any reflux inhibition 

features on current catheter designs. Reflux will likely limit the therapeutic benefit if infusions are not largely retained 

within the target tissues or structures.  

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

may exacerbate the formation of astroglial tissues.   

The glial scar is widely discussed as a primary factor inhibiting the formation of new axonal growth in spinal cord injuries, 

as well as degrading performance of implanted electrodes.  

Further work is required to characterise this environment and understand how the parameters of acute infusion differ to 

those of the long-term environment and whether performance, measured in volume of distribution of target tissues, can be 

optimised through a variety of strategies. Manipulation of the infusion regimes or repetition schedule may be considered. 
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Alternatively, mediation of the tissue response to injury may be required to prolong the useful life of implanted catheters 

while maximising distribution performance. 

The aim of this thesis is to investigate and optimise the design and use of chronically implanted catheters in the brain for 

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

The objectives will be to gather and analyse empirical distribution data from the first-in-man, chronic implantation study 

which utilised a recessed step catheter and evaluate its performance. Understanding of the principles which govern 

successful repeat deliveries into the brain will be sought to provide strategies to maximise the long-term efficacy of 

prospective treatments and provide guidelines to prospective neurosurgical users on optimal implantation strategies for this 

catheter.  

As this approach is multi-disciplinary and multifaceted, a schematic has been provided to clarify the specific questions 

which are posed at the outset of each chapter (Figure 2-13). A complementary follow up schematic is also provided in the 

final chapter of the thesis, highlighting the outcomes of each chapter as they relate to the central theme of the thesis (Figure 

8-1).  
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Figure 2-13. Schematic of thesis with primary questions posed at the outset of each chapter. 

  

ƛƴŦǳǎƛƻƴ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ 

Q ς How does a catheter perform when chronically implanted? 

Chapter 3 ς Evaluation of a first in man chronic, intermittent convection enhanced delivery system 
Purpose: Characterise the performance metrics of the recessed step catheter design used in vivo 
ü Coverage of target structures 
ü Evaluation of study subjectΩs normality in the patient population 
ü Comparison of implanted catheters - position of functional features in target structure 

 
 
 
 
 
 
 

Q ς What materials can be used as brain mimics to further develop knowledge of the catheter 
function in vitro? 

 
 
 
 
 
 

Chapter 4 ς Evaluation of brain mimics for catheter design evaluation 
Purpose: Identify an optimal brain mimic to further evaluate the recessed step catheter 
ü Compare the infusion characteristics between agarose gels and composite hydrogels 

(made from polyvinyl acetate and phytagel) which are reported to be more mechanically 
similar to brain tissue than agarose 

 
 
 
 
 
 
 

Q ς How does changing the catheter infusion or dimensional variables affect the infusion 
distribution and how can this be used towards optimisation? 

 
 
 
 
 

Chapter 5 ς In vitro and in vivo characterisation of the recessed step catheter distributions 
Purpose: Execution of infusion study in gels and pigs comparing distribution characteristics obtained 
when modifications are made to the catheter features or the way it is driven (infusion rates) 
ü Create a set of design curves for distribution characteristics based on catheter step length 

and infusion flow rate 

Q ς Can an in-silico model of the recessed step catheter be created and used to verify the characteristics 
observed within in vitro gel studies, and later built in to planning or analysis software? 

 
 
 
 
 
 

Chapter 6 ς Modelling of the recessed step catheter 
Purpose: Create a computational model of porous flow from a recessed step catheter 
ü Collate model parameters from appropriate, referenced sources 
ü Create a biphasic finite element model for solvent flow through a porous substrate with 

clinically relevant step lengths 
 

 
 
 
 
 
 

Q ς Is the permeability of the micro-environment around the catheter negatively affected by the 
implantation of the catheter or the continued intermittent infusions and how could this affect chronic 
optimisation? 

 
Chapter 7 ς Longitudinal study of inflammatory reaction to a chronically implanted catheter 
ü Purpose: investigate the inflammatory reaction in vivo comparing active and inactive 

catheters over 90 days post implant 
 

 
 
 
 
 
 

Optimisation of a chronically implanted catheter for intraparenchymal delivery of therapeutics to the brain 



Page - 47 - of 194 

3 First in Man chronic, intermittent, convection-enhanced delivery system 

This ɲɷɰɿʃɴʁ ɲɾɽʃɰɸɽʂ ʆɾʁɺ ʆɷɸɲɷ ɲɾɽʃʁɸɱʄʃɴɳ ʃɾ ʃɷɴ ɿʄɱɻɸɲɰʃɸɾɽʂ ÝRandomized trial of intermittent intraputamenal glial 

cell line-derived neurotrophic factor in Parkinson's disease.Þ (Whone et al., 2019a) and ÝExtended Treatment with Glial 

Cell Line-Derived Neurotrophic Factor in Parkinson's DiseaseÞ (Whone et al., 2019b)  

3.1 Motivation  

The author formed part of a medical research and industrial collaboration study group responsible for the implementation 

of a clinician led study, infusing Glial cell-line Derived Neurotrophic Factor (GDNF) (a naturally occurring protein) 

intermittently into the brains of PɰʁɺɸɽʂɾɽÜʂ ɿɰʃɸɴɽʃʂ through a novel drug delivery system (DDS).  

The author was therefore not responsible for the clinical study design or the development of the drug delivery system. The 

data gathered during this seminal study does however represent the first opportunity to investigate, and baseline the 

performance of chronically implanted catheters which are accessed intermittently (i.e. not continuously infusing a low flow 

rate such as occurs with implanted pumps) and establish opportunities for optimisation. It is hoped that an assessment of the 

distributions over the duration of the 18 month study will provide guidelines for improving performance in future studies.  

3.2 Introduction 

Within the context of this investigation, the short and long-term performance of a chronically implanted catheter system is 

of primary interest, however it is necessary to explain the design of the study from which the data was gathered. What 

follows is an overview of the clinical trial focusing on the relevant areas surrounding the delivery system and the definition 

of acceptable catheter performance. 
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3.2.1 Clinician led study design 

Study title:  A Placebo-Controlled, Randomized, Double-Blind Trial to Assess the Safety and Efficacy of Intermittent 

Bilateral Intraputamenal Glial Cell Line-Derived Neurotrophic Factor (GDNF) Infusions 

Administered via Convection-ɚɽɷɰɽɲɴɳ əɴɻɸʅɴʁʈ (ɘɚə) ɸɽ ɨʄɱɹɴɲʃʂ ʆɸʃɷ ɥɰʁɺɸɽʂɾɽÜʂ əɸʂɴɰʂɴ 

(EudraCT No: 2011-003866-34) 

Following a 6-patient phase I (drug safety) study, 35 patients were successfully enrolled and randomised into the primary 

GDNF study (Figure 3-1) with approximately half receiving GDNF and the other half receiving a placebo (artificial 

cerebrospinal fluid [aCSF]). Following screening, subjects progressed to surgery where they were implanted with a DDS 

(Figure 3-2). Approximately 1 month (study week -4 [W-4] following system implantation, subjects underwent the first of 

three test infusions. Test infusate consisted of aCSF and Gadolinium Based Contrast Agent (GBCA) (Magneist, Bayer), 

preceded and followed by a T1 weighted MRI scan which provide a baseline of ʃɷɴ ɿɰʃɸɴɽʃÜʂ ɰɽɰʃɾɼʈ with and without the 

presence of the contrast agent (Figure 3-3).  

 

Figure 3-1. Primary GDNF study patient schedule (extension study not shown). 
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a) b) 

Figure 3-2. Chronically implanted drug delivery system a) shown on a CAD package avatar with a cut away section of 

tissue displaying the catheters tunnelled beneath the skin, terminating at the point where they enter the brain cavity 

(vertical catheter trajectory), b) mannequin implanted with the chronic DDS fitted with an externally mounted 

application set for intermittent infusions to the brain via the percutaneous port (posterior catheter trajectory). 

The distribution was assessed over 3 principle areas;  

- infusion retained within a pre-defined Volume of Interest (VOI) (Figure 3-4),  

- within the whole target structure (putamen)  

- total hemispherical coverage (Vd, distribution volume).  

All volumes were recorded in mm3 units (equivalent to the volume of µl). 

 

a) b) 

Figure 3-3. First test infusion in a GDNF study subject, a) pre-infusion baseline T1 weighted MRI scan, b) post 

infusion T1 weighted MRI scan. 

The VOI was defined as the posterior 2/3rds of the dorsal putamen (upper, rear 2/3rds), the area of the putamen thought be 

responsible for initiating motor functions. Subjects were randomised (included) into the study only if a minimum coverage 

(40 %) of the VOI was achieved during the first test infusion (as defined by the study protocol). This base coverage 
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requirement was introduced to minimise the risk of study failure as a result of technical failures in delivery seen in previous 

studies. This enabled the study to focus solely on the clinical efficacy of the drug under investigation.  

 

 

a) b) 

Figure 3-4. ɰ) ɚʇɰɼɿɻɴ ɾɵ ɰ ʂʄɱɹɴɲʃÜʂ ʂʄʁɶɸɲɰɻ ɿɻɰɽ ʆɸʃɷ ʃɷɴ ʃɰʁɶɴʃ ʂʃʁʄɲʃʄʁɴ (ɿʄʃɰɼɴɽ) ɰʄʃɾɼɰʃɸɲɰɻɻʈ ʂɴɶɼɴɽʃɴɳ ɰɽɳ 

presented as a pink 3D mesh. Section planes have been positioned to sub-divide the mesh and highlight the region of 

interest. b) Left and right putamen are shown with sub-division planes highlighting the VOI (arrows).  

Once accepted into the study, subjects received a monthly infusion of test article (or placebo) through the percutaneous 

access port (Figure 3-5). Following a total of 10 monthly administrations, a second test infusion was administered, and 

pre- and post-infusion MRI scans were gathered for assessment of long term distribution characterisation (study week 

40[W40]).  

Following completion of the primary phase of the protocol, subjects automatically rolled onto an open labelled (see 

below) extension study, receiving a further 10 months of infusions with all subjects guaranteed treatment with the test 

article (GDNF). At the completion of the extension study a further test infusion was performed (t=week 80[W80]). 

ɞɽ ɥɰʁɺɸɽʂɾɽÜʂ ʂʃʄɳɸɴʂ, ʂʄɲɷ ɰʂ ʃɷɴ ɿʁɸɼɰʁʈ ʂʃʄɳʈ ɷɴʁɴ, ɿɰʁʃɸɲɸɿɰɽʃʂ ɰɽɳ ʂʃʄɳʈ ɰɳɼɸɽɸʂʃʁɰʃɾʁʂ ɰʁɴ ʁɾʄʃɸɽɴɻʈ ɱɻɸɽɳɴɳ, 

meaning that they do not know if the subjects are receiving the active drug under investigation or a placebo. This is done 

to minimise a placebo effect, where people believe they are receiving drug and exhibit improved clinical scores despite 

having no pharmacological reason to do so. Once this study moved into the extension phase, study designers felt it was 

unethical for participants to have no prospect of receiving the study drug having undergone such invasive surgery and 

having their normal medication withheld for extended periods, and so 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 drug being 

given. There was therefore no control group for the extension study, but continued device performance was not affected 

by the unblinding of this study as this was measured directly through infusion distributions viewed under MRI.  
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a) b) 

Figure 3-5. a) GDNF subject receives an infusion into the brain via the external bone anchored percutaneous access 

port (https://medium.com/parkinsons-uk/meet-the-team-behind-the-gdnf-trial-ec7f3c2d102c), b) Close up image of the 

administration set attached to the percutaneous port in a glioblastoma patient (Barua et al., 2014).  

3.3 Method of infusion distribution assessment 

As described above, the definition of catheter performance, in the context of this body of research, is the ability to target 

and cover a defined body of brain tissue (neuroanatomical structure). This thesis will therefore not deal with clinical 

symptoms of disease or drug trial outcomes, however these will be summarised in the discussion section later.  

Coverage of the VOI, putamen and hemisphere were assessed at all test infusions. 

3.3.1 Distribution volume, Vd 

The need to define the extent of coverage in trials delivering drugs to the brain has been highlighted previously (Lang et al., 

2006). ɩɷɸʂ ɿʁɴʅɸɾʄʂ ʂʃʄɳʈ, ɸɽʅɴʂʃɸɶɰʃɸɽɶ ʃɷɴ ɲɾɽʃɸɽʄɾʄʂ ɳɴɻɸʅɴʁʈ ɾɵ ɜəɣɛ ʃɾ ʃɷɴ ɿʄʃɰɼɴɽ ɾɵ ɥɰʁɺɸɽʂɾɽÜʂ ɿɰʃɸɴɽʃʂ, ɸɳɴɽʃɸɵɸɴɳ 

that a failure to induce improvements seen in an older study (Gill et al., 2003) may have been down to differences in the 

delivery system. This hypothesis was based on ad hoc T2 Ù weighted MRI scans taken of a limited number of patients which 

clearly showed significantly more reflux in patients who participated in the failed phase II study (investigating drug efficacy, 

above safety which is typically performed in a phase I study)(Figure 3-6).   

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


Page - 52 - of 194 

 

Figure 3-6. ɩ2 ʆɴɸɶɷʃɴɳ ɢɧɞ ʂɲɰɽʂ ɾɵ ɥɰʁɺɸɽʂɾɽÜʂ ʂʄɱɹɴɲʃʂ ɵʁɾɼ ɥɷɰʂɴ ɞ (ɻɴɵʃ) ɰɽɳ ɥɷɰʂɴ ɞɞ (ʁɸɶɷʃ) ʂʃʄɳɸɴʂ ɿʁɾʅɸɳɴɳ ɱʈ 

Prof Steven Gill a) 0.6 mm diameter catheter used showing infusion (white cloud) located around the catheter tip 

(white arrow), b) 1.2 mm diameter catheter used showing absence of dense white infusion located at the catheter tip 

(white arrow) but extensive reflux to the surface of the brain (dotted arrow).  

Infusion distributions that are visible in MRI scans are spread at different concentrations around the site of administration 

(with the highest concentrations typically around the catheter track). To provide a consistent analysis approach, study 

guidelines were created by the lead neurosurgeon which ʂʃɸɿʄɻɰʃɴɳ ɰ Ýʅɸɴʆɿɾɸɽʃ ɰɽɰɻʈʂɸʂÞ ɱɴ adopted as previously 

described (Yin et al., 2010; Yin et al., 2011; Gimenez et al., 2011). 

Post infusion T1 weighted MRI scans were windowed (adjusted brightness and contrast levels) to increase the contrast 

between the infusion and the surrounding tissues. As the visible white matter was removed from view (by thresholding the 

image), the remaining tissues visible would contain only the hyperintense gadolinium tracer. 2D profiles were then drawn 

around the periphery of the visible infusion on each MRI slice to make a volume.  

No minimum VOI or putamenal coverage value was pre-defined in the study protocol for the final test infusions (weeks 40 

and 80). 

Subjects were grouped according to their dominant trajectory entry position on the skull. Three groups were identified in 

the study based on an evolving surgical technique: vertical, anterior and posterior (Figure 3-7). 
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Figure 3-7. Surgical implantation trajectories of the recessed step catheter employed in the primary GDNF study, a) 

vertical (n=6), b) anterior (n=3), c) posterior (n=26). 

3.3.2 Position of catheter features in structure 

Additional measurements were calculated from the post implant CT scan. The actual implanted position of the catheter as 

well as its reflux inhibiting features were recorded. An investigational analysis was performed on these values to establish 

if a correlation (Pearson correlation coefficients) existed between position of the device and target coverage. 

3.3.3 Anatomical variation 

The infusion volume was standardised across the study population, 300 µl/catheter (600 µl/putamen) which contained 

GBCA. The volume of the target (putamen) will be calculated to establish the normality of the study population, and also 

how this variation might affect percentage coverage of the target structure. The putamen volumes of the 36 PD subjects 

were extracted from the anonymised surgical plans (generated with a validated auto-segmenʃɰʃɸɾɽ ʃɾɾɻ ʆɸʃɷɸɽ ɧɴɽɸʂɷɰʆÜʂ 

neuroinspireTM surgical planning software). 

3.3.4 Statistical analysis 

Direct comparison of means were compared using a ɨʃʄɳɴɽʃÜʂ t-test with significance set at pÒ0.05. Sample groups larger 

than two were compared using a one-way ANOVA to establish statistically significant differences in population mean.  

Pearson correlation coefficients were calculated to establish strength of interrelationships between variables. The Anderson 

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

a 

b 

c 
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3.4 Results 

3.4.1 Putamen volume 

All putamen volumes ranged between 3.22-5.37cm3 with a normal distribution (Figure 3-8) and an average volume of 

4.39±0.06cm3 (SEM). There was no statistically significant difference between the right and left putamen volumes (p=0.78). 

 

Figure 3-8. NBT GDNF primary cohort putamen volumes - frequency plot, average volume, ʇᴝ= 4.39 ml, Standard 

error of the mean (SEM) =0.06cm3; indicated by blue dashed line, red dashed lines represent 1 standard deviation, 

ʎ=0.55cm3 (n=72 putamen). 

3.4.2 Variations in surgical trajectory and its effect on step length 

 

Figure 3-9. Recessed Step Catheter with variable step length (Dimensions: OGT=1.7 mm OD, Catheter = 0.6 mm OD). 
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  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 

 

 

 

Figure 3-10. Step length variations between catheters implanted into the putamen via different trajectories, a) all 

catheter lengths across 3 trajectory groups, b) box and whisker plot of 3 trajectory groups (group 1=vertical approach, 

group 2 = anterior approach, group 3 = posterior approach); lower and upper horizontal blue lines define the 25th and 

75th quantiles, red line defines median value. Height of notches (blue lines) define the 95th confidence intervals of the 

means of each group, as these do not overlap the reader can be confident that the true medians do differ.  

In total, 140 catheters were implanted in 35 patients (6x vertical, 3x anterior, 26x posterior) with a significant rise in the 

average length of the step region (distance between the OGT tip and the catheter tip (Figure 3-9)) (F(2,139)=104.58, 

p<0.001). Step lengths ranged from 12.3-34.2 mm (Vertical:12.3-19mm, Anterior:15.4-25.6 mm, Posterior-17.0-34.2 mm). 

Step lengths rose in line with putamen volume(r=0.0156, p=0.197), this was significant within the posterior trajectory group 

(r=0.341, p=0.013) which was aligned with the long axis of the structure (Figure 3-11).  

  

a 

b 



Page - 56 - of 194 

 

 
 

a) b)  

Figure 3-11. Variations in maximum step length and putamen volume: a) all subjects (n=70), b) posterior trajectory 

subjects only (n=52). 

3.4.3 Coverage of VOI and putamen 

Over the 80 study weeks the 3 groups of test infusions maintained high percentage coverage of the VOI with no 

significant change in the average coverage (F(2,207)=1.88, p=0.16). Average VOI coverage was W-4/69±2(SEM)%, 

W40/75±2 %, W80/70 ±3 % (Figure 3-12). 

 

Figure 3-12. Percentage coverage of the VOI over the 3 test infusions [n=70/ group, ʇᴝW-4= 69 ± 16 % (STD), 

ʇᴝW40= 75 ± 19%,  ʇᴝW80= 70 ± 21%].  

The average putamen coverage was not significantly different between any of the three test infusions (F(2,206)=0.12, 

p=0.89). Average putamen coverage was 51.5±1.8 %(SEM)(W-4), 50.8±1.9 % (Week40), 51.4 ±2.2 %(Week80) (Figure 

3-13). The percentage coverage ranged from 15-80 % (W-4), 24-82 % (W40) and 16-84 %(W80).  
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Figure 3-13. Percentage coverage of the Putamen over the three test infusions [n=70/ group, ʇᴝW-4=51.5 ± 15 % (STD), 

ʇᴝW40=50.8 ± 16 %, ʇᴝW80=51.4 ± 18 %]. 

Modifications to the choice of surgical implant trajectory was shown to have a significant effect on lengthening the step 

region of the RSC within the putamen (section 3.4.2). This increase in step length was associated with a significant rise in 

the VOI coverage (F(2,69)=4.89, p=0.01) (Figure 3-14a) and the percentage coverage of the putamen (F(2,67)=22, p<0.001) 

(Figure 3-14d) at the first test infusion. 

Average VOI coverage remained high (<50 %) throughout the main and extension study period with the largest coverage 

in the anterior and posterior groups (W-4-57%(vertical), 79%(anterior), 70 %(posterior)/ W40-75 %(vertical), 92 

%(anterior), 72 %(posterior)/ W80-69 %(vertical), 93 %(anterior), 68 %(posterior)). 

Average putamen coverage also remained largely consistent over the study period (W-4-31%(vertical), 41 %(anterior), 57 

%(posterior)/ W40-38 %(vertical), 60 %(anterior), 53 %(posterior)/ W80-36 %(vertical), 59 %(anterior), 54 

%(posterior)). 

  



Page - 58 - of 194 

 

a) b) c) 

 
d) e)  f) 

Figure 3-14. Percentage coverage of the VOI (a-c) and the putamen (d-f) over the three test infusion time points 

(Week-4, Week 40, Week 80, respectively) [nvertical=10,  nanterior= 6, nposterior=52, a-c) VOI coverage: ʇᴝW-4=57 ± 12 % (STD) 

(vert), 79 ± 12 % (ant),  70 ± 16 % (post); ʇᴝW40=75 ± 17 % (vert), 92 ± 13 % (ant), 72 ± 19 % (post); ʇᴝW80=69 ± 18 % 

(vert), 93 ± 11 % (ant), 68 ± 22 % (post); d-f) putamen coverage: ʇᴝW-4=31 ± 11 % (vert), 41 ± 11 % (ant),  57 ± 12 % 

(post); ʇᴝW40=38 ± 11% (vert), 60 ± 5 % (ant), 53 ± 16 % (post); ʇᴝW80=36 ± 12 % (vert), 59 ± 10 % (ant), 54 ± 18 % (post)]. 

Note: the anterior groups in boxplots b) and c) are shown reaching 100 % ɱʄʃ ʆɸʃɷɾʄʃ ɾɱʅɸɾʄʂ ÛʆɷɸʂɺɴʁʂÜ ɳemarking 

ʃɷɴ ʄɿɿɴʁ ɰɽɳ ɻɾʆɴʁ ʀʄɰɽʃɸɻɴʂ. ɩɷɸʂ ɸʂ ɱɴɲɰʄʂɴ ʃɷɴ ɰɽʃɴʁɸɾʁ ɶʁɾʄɿ ɷɰʂ ɾɽɻʈ 6 ɴɽʃʁɸɴʂ ʆɷɸɲɷ ɲɻʄʂʃɴʁ ɸɽ ʃɷɴ ʄɿɿɴʁ 90Üʂ 

percent region. A single data point in the 70 % region is correctly shown as an outlier.   

Despite a constant infusion volume, the range of distribution coverage values significantly increased (F(2,207) = 23.7, 

p<0.001) over the 80 week study (W-4-2049-8076/ W40-1915-11,265/ W80-2,680-11,137) (Figure 3-15a). With the largely 

consistent VOI and putamen coverage shown above, the increased coverage was outside the intended regions of interest. 

Calculating the ratio of coverage retained inside the putamen to that outside over the three test infusions shows a significant 

decline in the average retention of infusate inside the target tissue structure (F(2, 206) = 29.22, p<0.001) (Figure 3-15b). 
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a) b) 

Figure 3-15. a) Total hemispherical (1/2 of the brain) distribution volume (Vd), b) Vd ratio retained within the boundary 

of the putamen over the study period. [n=70/group, a) ʇᴝW-4= 4,796 ± 1,560 mm3 (STD), ʇᴝW40= 6,553 mm3 ± 1,721 mm3, 

ʇᴝW80= 6,437 ± 1,991 mm3; b) ʇᴝW-4= 0.4857 ± 0.1320, ʇᴝW40 = 0.3463 ± 0.0989, ʇᴝW80= 0.3584 ± 0.1219].    

3.4.4 Delay to MRI scan acquisition 

The delay time between completing the infusion and acquiring the T1 weighted MRI scan for distribution assessment 

significantly (F(2,103)=5.1, p=0.001) increased following the first test infusion (Figure 3-16a) with the average delay rising 

from 43mins (W-4) to 57mins (W40) and finally 60mins (W80). The increase in average delay was not associated with a 

small number of outliers, as most patients experienced longer delays between the completion of the infusion and the 

acquisition of the T1 weighted MRI scan at follow up test infusions (Figure 3-16b).  

 
 

a) b) 

Figure 3-16. Average delay times to acquire the post infusion T1 weighted MRI scan: a) delay at three test infusion 

time points, week -4, 40 and 80 (n=35/group, ʇᴝW-4= 43 ± 28 mins (STD), ʇᴝW40= 57 ± 21 mins,  ʇᴝW80 = 60 ± 21 mins), b) 

changes in delay per subject between first and second test infusion. 
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3.4.5 Correlation analysis of putamen volume and coverage achieved 

 

a) b) 

 

c) d) 

 

e) f) 

Figure 3-17. Left and right VOI coverage plotted against the average putamen volume: a-b) week-4, c-d) week40, e-f) 

week80.  

Positive Pearson correlation coefficients were calculated for the relationship between increased VOI (r=0.09-0.49) (Figure 

3-17a-f) and putamen (r=0.03-0.34)(Figure 3-18a-f) coverage with increased size of patient anatomy. Significance is only 

obtained on the patient left for the VOI coverage at all test infusion (Figure 3-17a, c & e) the putamen coverage at week 

40 (Figure 3-18c).  Negative correlation coefficients were observed for the percentage coverage of the putamen with 

increases in putamen volume which neared significance at the first test infusion (p=0.059), was significant at week 40 

(p=0.032) and was not significant at week 80 (p=0.384).  
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a) b) 

 

c) d) 

 

e) f) 

Figure 3-18. Left and right putamen coverage plotted against the average putamen volume: a-b) week-4, c-d) week40, 

e-f) week80. 
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a) b) c) 

Figure 3-19. Percentage coverage of the putamen relative to its size over the study period. 

3.4.6 Correlation analysis of catheter feature placement and coverage achieved 

Weak and insignificant ɥɴɰʁʂɾɽÜʂ ɲɾʁʁɴɻɰʃɸɾɽ ɲɾɴɵɵɸɲɸɴɽʃʂ (ʁ=0.01-0.17) were calculated for the relationship between 

percentage coverage of putamen and the position of the OGT tip (the reflux inhibition feature) into the grey matter of the 

putamen at the first and second test infusion (Figure 3-20a-b).  

 

a)  b) 

  

c) d) 

Figure 3-20. Correlation analysis of depth of the OGT tip (containing the recessed step) into structure, a) %coverage of 

putamen at study W-4 and b) W40, c) ratio of distributed infusate retained inside the putamen at study W-4 and d) 

W40. 

Significant ɥɴɰʁʂɾɽÜʂ ɲɾʁʁɴɻɰʃɸɾɽ ɲɾɴɵɵɸɲɸɴɽʃs (r=0.497/ p=<0.005 and r=0.283/ p=0.018)) were however observed in the 

ratio of infusate retained inside the target structure by placing the OGT tip deeper into the boundary of the putamen at the 
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first and second test infusions (Figure 3-20c-d). This correlation weakens after 40 weeks implantation (r=0.28) but remains 

significant. (Figure 3-20d). 

A medium strength, significant correlation coefficient (r=0.34/ p=0.004) was calculated for the relationship between 

percentage coverage of putamen and the increasing distance between the tip of the catheter and the boundary wall of the 

putamen (Figure 3-21a). This correlation disappeared by the second test infusion (r<0.1/ p=0.465)) (Figure 3-21b). 

The ratio of infusate retained in the structure was largely unaffected by the position of the catheter tip (within the sample 

population) (r=-0.07/p=0.561 & r=0.23/ p=0.054), W-4 to W40 respectively) (Figure 3-21c-d).  

  

a) b) 

  

c) d) 

Figure 3-21. Correlation analysis of distance from catheter tip (along trajectory) to putamen boundary, a) %coverage 

of putamen at study W-4 and b) W40, c) ratio of distributed infusate retained inside the putamen at study W-4 and d) 

W40. 
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a) b) 

 

c) d) 

Figure 3-22. Correlation analysis of distance from catheter tip (any direction) to putamen boundary, a) %coverage of 

putamen at study W-4 and b) W40, c) ratio of distributed infusate retained inside the putamen at study W-4 and d) 

W40. 

As above, a significant correlation coefficient (r=0.43/ p<0.005) was also calculated for the relationship between percentage 

coverage of putamen and the minimum distance (in any direction) between the tip of the catheter and the boundary wall of 

the putamen (Figure 3-22a). This correlation also disappeared by the second test infusion (r<0.1/ p=0.515) (Figure 3-22b) 

and the ratio of infusate retained in the structure continued to be largely unaffected (within the sample population) (r=-

0.03/p=0.805)at the first test infusion (W-4) but tighter grouping at W40 was significant (r=0.24/ p=0.050) (Figure 3-22c-

d). 

A significant correlation coefficient (r=0.550/ p<0.005) was initially calculated for the relationship between percentage 

coverage of putamen and the increasing step length of the RSC inside the putamen (Figure 3-23a). This relationship 

weakened and became non-significant by the second test infusion (r=0.16/ p=0.188) (Figure 3-23b). The ratio of fluid 

retained inside the putamen was correlated weakly and non-significantly (r=0.129/ p=0.295) with step length at the first test 

infusion (Figure 3-23c) but became significant by the second test infusion due to close grouping of data points (r=0.332/ 

p=0.005) (Figure 3-23d). 
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a) b)   

  
c) d) 

Figure 3-23. Correlation analysis of minimum catheter step length (per hemisphere) inside putamen, a) %coverage of 

putamen at study W-4 and b) W40, c) ratio of distributed infusate retained inside the putamen at study W-4 and d) 

W40. 

Non-significant, correlation coefficients (r=-0.15/ p=0.222 & r=0.05/ p=0.680) were calculated for the relationship between 

percentage coverage of putamen and the minimum (or negative) distance of the catheter wall (along the step length region) 

and the boundary wall of the putamen at the first and second test infusions (Figure 3-24a-b).  

No significant correlation was observed for the ratio of fluid retained through increasing the distance of the stepped region 

from the boundary (into the structure) (r=0.066/ p=0.592 & r=0.040/ p=0.742) (Figure 3-24c-d).  
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a) b) 

  
c) d) 

Figure 3-24. Correlation analysis between minimum (or negative) distance from catheter stepped region to the 

putamen boundary, a) %coverage of putamen at study W-4 and b) W40, c) ratio of distributed infusate retained inside 

the putamen at study W-4 and d) W40. 

A  positive and significant correlation coefficient (r=0.45/ p<0.005) was calculated for the relationship between a group of 

equally weighted mixed variables (i.e. Catheter and OGT tip position from putamen boundary, inclusion of the whole 

stepped region within the putamen boundary and increasing step length inside the putamen boundary) and percentage 

putamen coverage at the first test infusion. This correlation weakened and became non-significant for the second test 

infusion (r=0.171/ p=0.158). 
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a) b) 

Figure 3-25. Putamen coverage (%) plotted against a mixture of variables (Step Length, Distance of the OGT into the 

structure, minimum distance of the catheter from the putamen boundary and the minimum distance of the catheter to 

the boundary of the structure (along the step length) a) week-4, b) week 40. 
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Table 3-1. Tabulation of the correlation coefficients (significant values shown in green). 

Fig  Variable A Variable B R R2 p 

3-11a Step Length (mm) Putamen Volume (mm3) 0.150 0.024 0.197 

3-11b Step Length (mm) Putamen Volume (mm3) Posterior only 0.341 0.116 0.013 

3-17a Left VOI coverage (W-4)  Average Putamen Volume (mm3) 0.355 0.126 0.036 

3-17b Right VOI coverage (W-4) Average Putamen Volume (mm3) 0.094 0.009 0.592 

3-17c Left VOI coverage (W40) Average Putamen Volume (mm3) 0.492 0.242 0.003 

3-17d Right VOI coverage (W40) Average Putamen Volume (mm3) 0.262 0.069 0.129 

3-17e Left VOI coverage (W80) Average Putamen Volume (mm3) 0.483 0.234 0.003 

3-17f Right VOI coverage (W80) Average Putamen Volume (mm3) 0.305 0.093 0.074 

3-18a Left Putamen coverage (W-4)  Average Putamen Volume (mm3) 0.280 0.078 0.110 

3-18b Right Putamen coverage (W-4) Average Putamen Volume (mm3) 0.186 0.033 0.300 

3-18c Left Putamen coverage (W40)  Average Putamen Volume (mm3) 0.342 0.117 0.044 

3-18d Right Putamen coverage (W40) Average Putamen Volume (mm3) 0.026 0.001 0.883 

3-18e Left Putamen coverage (W80)  Average Putamen Volume (mm3) 0.322 0.104 0.059 

3-18f Right Putamen coverage (W80) Average Putamen Volume (mm3) 0.227 0.052 0.189 

3-19a Put coverage (%), (W-4) Putamen Volume (mm3) 0.230 0.053 0.059 

3-19b Put coverage (%), (W40) Putamen Volume (mm3) 0.256 0.066 0.032 

3-19c Put coverage (%), (W80) Putamen Volume (mm3) 0.106 0.011 0.384 

3-20a OGT tip depth into structure (mm) %coverage of Putamen (W-4) 0.165 0.027 0.180 

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

3-20c OGT tip depth into structure (mm) Distribution in structure ratio (W-4) 0.497 0.247 0.000 

3-20d OGT tip depth into structure (mm) Distribution in structure ratio (W40) 0.283 0.080 0.018 

3-21a Dist. catheter tip from boundary (mm) %coverage of Putamen (W-4) 0.346 0.120 0.004 

3-21b Dist. catheter tip from boundary (mm) %coverage of Putamen (W40) 0.089 0.008 0.465 

3-21c 
Distance of catheter tip from structure 
boundary (mm) Distribution in structure ratio (W-4) -0.072 0.005 0.561 

3-21d 
Distance of catheter tip from structure 
boundary (mm) Distribution in structure ratio (W40) 0.231 0.053 0.054 

3-22a 
Min distance of catheter tip to 
structure boundary (mm) %coverage of Putamen (W-4) 0.430 0.185 0.000 

3-22b 
Min distance of catheter tip to 
structure boundary (mm) %coverage of Putamen (W40) 0.079 0.006 0.515 

3-22c 
Min distance of catheter tip to 
structure boundary (mm) Distribution in structure ratio (W-4) 0.031 0.001 0.805 

3-22d 
Min distance of catheter tip to 
structure boundary (mm) Distribution in structure ratio (W40) 0.236 0.056 0.049 

3-23a Min Step Length (mm) %coverage of Putamen (W-4) 0.549 0.301 0.000 

3-23b Min Step Length (mm) %coverage of Putamen (W40) 0.160 0.250 0.188 

3-23c Min Step Length (mm) Distribution in structure ratio (W-4) 0.129 0.017 0.295 

3-23d Min Step Length (mm) Distribution in structure ratio (W40) 0.332 0.110 0.005 

3-24a Min distance to boundary (mm) %coverage of Putamen (W-4) 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 (W-4) 0.066 0.004 0.592 

3-24d Min distance to boundary (mm) Distribution in structure ratio (W40) 0.040 0.002 0.742 

3-25a 
Mixed variables (percentage of 
maximum values) %coverage of Putamen (W-4) 0.451 0.204 0.000 

3-25b 
Mixed variables (percentage of 
maximum values) %coverage of Putamen (W40) 0.171 0.029 0.158 

 



Page - 69 - of 194 

Table 3-2. Condensed table of significant correlation coefficients only (from Table 3-1). 

Fig  Variable A Variable B R R2 p 

3-11b Step Length (mm) Putamen Volume (mm3) Posterior only 0.341 0.116 0.013 

3-17a Left VOI coverage (W-4)  Average Putamen Volume (mm3) 0.355 0.126 0.036 

3-17c Left VOI coverage (W40) Average Putamen Volume (mm3) 0.492 0.242 0.003 

3-17e Left VOI coverage (W80) Average Putamen Volume (mm3) 0.483 0.234 0.003 

3-18c Left Putamen coverage (W40)  Average Putamen Volume (mm3) 0.342 0.117 0.044 

3-19a Put coverage (%), (W-4) Putamen Volume (mm3) 0.230 0.053 0.059 

3-19b Put coverage (%), (W40) Putamen Volume (mm3) 0.256 0.066 0.032 

3-20c OGT tip depth into structure (mm) Distribution in structure ratio (W-4) 0.497 0.247 0.000 

3-20d OGT tip depth into structure (mm) Distribution in structure ratio (W40) 0.283 0.080 0.018 

3-21a Dist. catheter tip from boundary (mm) %coverage of Putamen (W-4) 0.346 0.120 0.004 

3-22a 
Min distance of catheter tip to 
structure boundary (mm) %coverage of Putamen (W-4) 0.430 0.185 0.000 

3-22d 
Min distance of catheter tip to 
structure boundary (mm) Distribution in structure ratio (W40) 0.236 0.056 0.049 

3-23a Min Step Length (mm) %coverage of Putamen (W-4) 0.549 0.301 0.000 

3-23d Min Step Length (mm) Distribution in structure ratio (W40) 0.332 0.110 0.005 

3-25a 
Mixed variables (percentage of 
maximum values) %coverage of Putamen (W-4) 0.451 0.204 0.000 

Pearson correlation coefficients, coefficient of determination and the probability (for r) from all scatter plots in section 3 are 

tabulated above (Table 3-1) with significant correlations condensed further in Table 3-2.  

3.5 Discussion 

3.5.1 Manual profiling of the infusion distributions 

An assessment of the viewpoint analysis method (section 3.3.1) was performed using three industry experts, two 

neurosurgeons who were associated with the development of the method in Bristol, and a third at an external site. All users 

were first required to read through the work instructions on the method and confirm they agreed with it. The users were 

asked to profile 2 objects in the surgical planning software: a chamber filled with a gadolinium solution (at the same 

concentration used in vivo), and an example in vivo infusion into the putamen of a study subject.  

The chamber was previously measured using a co-ordinate measurement machine (CMM) and the internal volume was 

calculated at 39.744 ± 0.004 ml. Each of the users profiled volumes which were in excess of this by 5-13 %.  

Comparison between the in vivo ɸɽɵʄʂɸɾɽ ɳɸɳ ɽɾʃ ɷɰʅɴ ɰ Ûʃʁʄɴ ʅɰɻʄɴÜ ɰɽɳ ɾɽɻʈ ɰ ɲɾɼɿɰʁɸʂɾɽ ɱɴʃʆɴɴɽ ʄʂɴʁʂ ʆɰʂ ʂɾʄɶɷʃ. ɝɴʁɴ, 

each personality played a greater role as the users stated that while they agreed with windowing to maximise the contrast to 

define the border of the infusion, they each left varying amounts of white matter present in the image, and different users 

included or excluded infusate depending on whether they felt it was inside the region of interest (Figure 3-26).  

This produced a large variation in the volumes assessed 1.053-4.042 ml (ratio~1:4). This variation between users was too 

large to provide meaningful comparison between patients and prompted the use of a single, dedicated operator.  
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Figure 3-26. 2D profiles of a real infusion in the putamen of a subject (pink outline) provided by three neurosurgeons. 

ɖ ʁɴɰɽɰɻʈʂɸʂ ɾɵ ɰ ɳɸɵɵɴʁɴɽʃ ʂʄɱɹɴɲʃÜʂ ɸɽɵʄʂɸɾɽ ʆɰʂ ɿɴʁɵɾʁɼɴɳ ʄʂɸɽɶ ɰ ʂɸɽɶɻɴ user (author) using the manual adjustment of 

contrast and brightness described above (section 3.3.1) where the anatomy was removed from view by thresholding the 

image to leave the much brighter gadolinium. The variation between repeats improved markedly (4.41-4.94 ml, ratio 1:1.1) 

with overlapping profiles proving to be more consistent (Figure 3-27).  

   
Figure 3-27. Numerous profiles around an infusion from four repeated analysis performed by a single user.  

ɩɷɸʂ ɸɼɿʁɾʅɴɼɴɽʃ ʆɰʂ ɰɲɲɴɿʃɰɱɻɴ ɵɾʁ ʃɷɴ ɿʄʁɿɾʂɴʂ ɾɵ ɳɴɵɸɽɸɽɶ ʃɷɴ ʁɴɻɰʃɸʅɴ ɿʁɾɿɾʁʃɸɾɽ ɾɵ ɲɾʅɴʁɰɶɴ ɱɴʃʆɴɴɽ ɴɰɲɷ ʂʄɱɹɴɲʃÜʂ 

test infusions and also between subjects.  

3.5.2 Putamen volume 

Earlier published work inʅɴʂʃɸɶɰʃɴɳ ʃɷɴ ʅɾɻʄɼɴ ɾɵ ʃɷɴ ɿʄʃɰɼɴɽ ɸɽ ɿɰʃɸɴɽʃʂ ʆɸʃɷ ɰɽɳ ʆɸʃɷɾʄʃ ɥɰʁɺɸɽʂɾɽÜʂ ɳɸʂɴɰʂɴ (ɥə). ɣon-

diseased putamen (n=13 patients) had an average volume of 3.57±0.12cm3 (range; 2.38-4.89cm3) while PD participants 

(n=11 patients) had average putamen volumes of 3.98±0.15cm3 (range; 3.01-5.29cm3) (Yin et al., 2009). No statistical 

Key 

Pink outline Ù putamen boundary 

Blue outline Ù user A 

Orange outline Ù user B 

Green outline Ù user C 
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significance was found between the right and left hemispheres within each group, but smaller brains were attributed to the 

increased age of the subjects in the healthy group who were on average 8 years older than those in the PD group. 

The average putamen volume (Figure 3-8) of the 36 participants (pre-randomisation) within this study was 4.39±0.06cm3 

(range; 3.22-5.37 cm3), ~0.4 cm3 (10 %) larger than the average volume previously published. In an effort to standardise the 

administration (infusate) volume to all subjects in this study, the infusion volume was fixed at 300 µl/catheter 

(600 µl/putamen) which assumed a 5:1 Vd/Vi ratio providing a 3,000 µl (3 cm3) distribution volume (assuming all infusate 

was retained within the target structure). Such a limited infusion volume, covering 3 cm3, would only cover 56-93 % of the 

complete putamen volume of subjects in this study. 

Where maximal coverage of the target structure is required, optimisation should involve the patient specific target volume 

in the calculation of infusate volume (or dose). Unless such a standardisation step is included in the clinical workflow, it is 

unlikely that complete (or optimised) target coverage can be obtained without over infusion to compensate for the natural 

range of putamen sizes. 

Such patient specific medicine has recently been advocated in a review focused on the optimisation of therapeutic delivery 

to treat neuro-oncology indications (Raghavan, Brady and Sampson, 2016).  

It is perhaps counterintuitive therefore that the general trends in the total volume of tissue covered in the VOI (Figure 3-17a-

f) and the putamen (Figure 3-18a-f) increased as the putamen volume increased. Trendlines are typically positive with 

correlation coefficients showing the strongest values in the period immediately following implantation (1st test infusion at 

W-4) though few are significant. Percentage coverages of the target structure do however decline with increasing putamen 

volumes (Figure 3-19a-c), indicating that while more tissue was covered, this was outstripped by increases in the target 

volume. This observation neared significance at the first test infusion (W-4/ p=0.059), was significant at week 40 (p=0.03), 

and was not significant at week 80 (p=0.384). Improvements in total coverage may be possible by increasing the infusion 

volume for larger structures. Changes to the surgical trajectory, configuration and position of the implant also play a role in 

retaining infusate within the target structure. Increasing infusion volume to match putamen volume maintaining a theoretical 

Vd/Vi ration is however a logical step towards optimisation, maintaining a therapeutic dose per unit of tissue.   

3.5.3 Catheter assembly step length (SL) 

As the investigator led study progressed, the target structure was increased to include the whole of the putamen over the 

smaller VOI alone. While the clinical protocol remained unchanged, the choice of surgical trajectories was affected, with 

anterior (and later posterior) trajectories being favoured over a vertical approach (Figure 3-7). 

The change in trajectory significantly (F(2,139)=104.58, p<0.001) increased the average length of the step inside the 

putamen (Figure 3-10a-b). Step length ranged from 12.3-34.2 mm (Vertical:12.3-19 mm, Anterior:15.4-25.6 mm, Posterior-

17.0-34.2 mm). Positive trends in the step length were most obvious in the posterior group which aligned the step with the 

long axis of the target structure (Figure 3-11).  
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3.5.4 Coverage of VOI and putamen 

Increases in the step length were associated with a significant (F(2,67)=22, p<0.001) rise in the percentage of the putamen 

which was covered (Figure 3-14d). Previously published in vitro and in vivo empirical testing limited the step length to a 

few millimetres but infusions were retained below the inhibiting recess step feature  (Gill et al., 2013). Observations of the 

clinical infusion morphology indicates that the fluid flows from the catheter tip to the step, with the step acting to control, 

and limit the extent of the reflux. Further work is required to characterise and optimise this effect.  

The average percentage coverage of the VOI and the whole putamen were not statistically significant between any of the 

three test infusions (Figure 3-12,Figure 3-13), suggesting a maintenance of the implanted system performance. Sub-plots 

show a varied picture however with a lowering of the percentage coverage limit in the posterior group and modest increases 

in the others over the three test infusions (Figure 3-14 a-f).  

Decline in the retention of the infusate inside the target structure was visible in some cases over the second and third test 

infusions (Figure 3-28a-c). This was not common in all cases however with many implants maintaining a high level of 

coverage over the 80-week study period (Figure 3-28d-f). Visually there was no obvious differences between these cases 

on the pre- and post-implant MRI images which might lead to such disparities in the long-term performance.  

The ratio of the infusion which was retained inside the target tissues declined after the first infusion (W-4) (F(2, 206) = 

29.22, p<0.001) (Figure 3-15b). Average percentage coverage of the VOI and putamen can only therefore have been 

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

It is hypothesised that declining performance in some patients may be linked to the extent of reactive gliosis which may be 

present at the cellular level which would decrease the permeability of the tissue surrounding the catheter. Further work is 

required to understand how this could be limited or overcome in this treatment population. 
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Figure 3-28. Post infusion T1 weighted MRI scans of two subjects over the three test infusions: a) S036-W-4, b) S036-

W40, c) S036-W80, d) S022-W-4, e) S022-W40, f) S022-W80. 

3.5.5 Delay to MRI scan acquisition 

A contributing factor to the increased Vd values recorded at successive test infusions was the significant rise in delay time 

between completing the infusion and acquiring the T1 weighted MRI scan for distribution assessment (F(2,103)=5.1, 

p=0.001) (Figure 3-16a). Average delays rose from 43mins (W-4) to 57mins (W40) and finally 60mins (W80) providing 

longer periods for the concentrated infusate to diffuse into the surrounding tissues, increasing the volume of coverage 

observed. Delay time alone is however poorly correlated with total volume of tissue covered at both the first (r=0.3) and 

second (r=0.06) test infusions suggesting that other factors contribute to the volume of tissue covered.  

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

Previous publications have retrospectively reviewed the position of an implanted, point-source cannula in the primate 

putamen and assessed the retention of infusate inside the structure (Yin et al., 2011). From this analysis a series of red, blue 

and green zones were established which provided the best ratio of retention using the specific stepped cannula design under 

investigation. The regions were also transferred manually onto corresponding human MRI slices create putative target 

regions for the thalamus and brainstem to demonstrate the translation of the method (Figure 3-29a-b). 

a b c 

d e f 



Page - 74 - of 194 

. 

Figure 3-29. Red, Blue, Green targeting Zones for the a) non-human primate (NHP) and b) human Putamen (Yin et 

al., 2011). 

As previously described by Gill et al. 2013, the catheter used within this study was a recessed step catheter, different from 

the externally stepped cannula described above (Gill et al., 2013). As such, the differing infusion characteristics would 

negate the application of the previously described surgical planning guide which defines only the optimal cannula tip 

position. As the RSC is not a point source device but ɾɽɴ ʃɷɰʃ ʄʂɴʂ Ýcontrolled reflux*Þ, new knowledge on optimal 

placement is required.  

*controlled reflux will be discussed in greater length in later sections but briefly it describes the expected path of fluid 

between the catheter tip and the recess, housed in the end of the outermost guide tube. Infusions then develop not as a 

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

A review of the catheter assembly features and their position within the target structure was performed to identify which 

were the dominant features responsible for maximising coverage of the putamen (Figure 3-30). 

 

Figure 3-30. Physical placement of catheters inside the putamen.  

As the OGT tip houses the reflux inhibition feature of the RSC, locating this as close to the boundary (without overlapping 

it) could maximise the coverage of the target structure. The percentage of the putamen which was covered did not however 

significantly correlate with OGT depth into the putamen over the first and second  (r=0.01/ p=0.780 & r=0.17/ 
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p=0.465)(Figure 3-20). Weakly positive trendlines indicate that greater coverage might be achieved by placing the OGT tip 

deeper into structure, but there was too much variance within the data to show this. The ratio of fluid retained inside the 

putamen was however significantly affected by the position of the OGT at both first and second test infusions (r=0.497/ 

p<0.005 & r=0.283/ p=0.018). Placing it deeper within the grey matter indicates that less of the infusate is likely lost to 

reflux back along the catheter track.  

Increases in the step length also correlated strongly and significantly (r=0.52/ p<0.005) with coverage of the putamen at the 

first test infusion. (Figure 3-23a). While remaining a positive correlation over time the significance dropped at the second 

test infusion (r=0.159/ p=0.188). 

Increasing the distance between the catheter tip and the boundary of the structure (up to 3.5 mm) correlated strongly and 

significantly (r=0.34/ p<0.005 & r=0.43/ p<0.005) with increased putamen coverage (Figure 3-21a, Figure 3-22a). 

In the transverse anatomical plane, the putamen can be visualised as an arced grey matter structure akin to a horn or crescent 

moon (Figure 3-28, pink outline). Catheters entering from the posterior typically skirted the medial aspect of the putamen. 

With the step region in such close proximity to the boundary of the putamen, reductions in the coverage or retention of fluid 

would be expected. While rational, the large variation in the coverage and retention values did not support this hypothesis 

(Figure 3-24), this is likely as result of the balance required in the placement across multiple features of the RSC, not just 

ɸʃÜʂ ʃɸɿ. Significant correlations were tabulated (Table 3-2) with representation from all variables reviewed at some point in 

the study. Generally, placing the catheter tip, OGT tip and step length (between the two tips) further into the structure led 

to positive increases in putamen coverage or retention of fluid inside the putamen. Distances above 3 mm yielded minimum 

coverage or retention values of 40 % (Figure 3-20c, Figure 3-21a, Figure 3-22a) at the first test infusion. As retention or 

coverage were not interchangeable, this 3 mm value is proposed as a guideline which aims to increase the lowest coverage 

values but requires further validation.     

As no single feature was dominant in determining the coverage of the structure, four variables were collated and weighted 

equally in a final correlation analysis. The four variables were step length: distance of the OGT into the structure; minimum 

distance of the catheter from the putamen boundary; minimum distance of the catheter to the boundary of the structure 

(along the step length). ɩɷɴ ɲɾɻɻɴɲʃɸʅɴ, Ûɼɸʇɴɳ ʅɰʁɸɰɱɻɴʂÜ were associated with a significant positive correlation (r=0.452/ 

p<0.005) in the putamen coverage, re-affirming the balance required in maximising several factors when planning the 

surgical placement of the RSC, unlike the centre of mass approach for point source delivery devices. 

It is hypothesised therefore that optimised initial placement of catheter features in line with the mixed variable parameter 

will provide improved coverage of the putamen in future studies; 

- OGT tip should be placed in excess of 3 mm into the putamen boundary 

- The tip of the catheter should be placed 3 mm from the distal boundary of the putamen 

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

- The length of catheter between the catheter and OGT tip should be centralised within the long axis of the putamen 
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Generally, benefits observed from placement of any feature at the time of implant was not maintained through to the test 

infusion at 40 weeks and beyond, as can be seen in the drop in significance of the mixed variables positioning plot at the 

second test infusion (r=0.171/ p=0.158). It is hypothesised that the natural formation of a gliotic sleeve surrounding the 

device, and the lack of opportunities to modulate the infusion regime to compensate may account for this. Further work is 

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 that the empirical evidence arose as the result of a first in man 

study investigating the repeated, intermittent delivery of GDNF to the putamen in patients suffering with incurable 

ɥɰʁɺɸɽʂɾɽÜʂ ɳɸʂɴɰʂɴ (Whone et al., 2019a; Whone et al., 2019b).   

The primary objective of the study was to achieve a 20 % improvement in the motor function of the study subjects (as 

ɼɴɰʂʄʁɴɳ ʄʂɸɽɶ ʃɷɴ ɪɽɸɵɸɴɳ ɥɰʁɺɸɽʂɾɽÜʂ əɸʂɴɰʂɴ ɢɴɰʂʄʁɴɼɴɽʃ ɨɲɰɻɴ (ɪɥəɧɨ)). 

While anecdotal evidence of some subjects, televised in a BBC documentary in February 2019, suggests 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 conservative study design which did not include a dose escalation 

arm, where increasing amounts of drug is given to evaluate if stronger effects can be seen in higher doses, below that which 

produce a toxic or negative effect. It is possible that the dose administered here was simply too low to produce the 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 80 weeks of drug 

infusions) highlighted that while there was significant overlap in the motor scores of subjects who received drug and those 

who received placebo, subjects who had a greater than 10-point improvement in their motor scores were limited to those 

who received the GDNF. This suggests that there may be a subset of 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, a placebo effect 

cannot be ruled out, as ɥɰʁɺɸɽʂɾɽÜʂ ɳɸʂɴɰʂɴ ɿɰʃɸɴɽʃʂ ɰʁɴ ɺɽɾʆɽ ʃo suffer large placebo effects in clinical trials. This open-

label observation may however warrant further investigation and be a critical lifeline for a potentially curative treatment 

which has had significant hurdles to generate the clinical evidence of its much-publicised potential.  

3.6 Conclusions 

This first-in-man, chronically implanted drug delivery system successfully provided intermittent administration of test 

article to targeted regions of the brain over an 84-week study period. 

Limitations in the study design have been highlighted which offer potential future improvements in clinical study design or 

optimised patient treatments, such as the standardisation of infusion volume or drug dose based on patient anatomy volume. 

To assess system performance a consistent analysis time should be targeted, keeping MRI times equal both between test 

infusions and between patients.  
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Surgical planning of future implants should seek to optimise the implant location of the catheter features (as shown in Figure 

3-31) by positioning the; 

- OGT tip should be placed in excess of 3 mm into the putamen boundary 

- The tip of the catheter should be placed 3 mm from the distal boundary of the putamen 

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

- The length of catheter between the catheter and OGT tip should be centralised within the long axis of the putamen 

 

Figure 3-31. Proposed recommendations for RSC feature placement. 

This surgical planning strategy represents a short term, best option for maximising coverage of the target anatomy in 

upcoming clinical trials. It is unlikely to represent a long-term solution for retention of infusates inside the target structure, 

which appears to be negatively affected by long term implantation, with an increasing proportion of the infusate 

accumulating outside the target structure in many subjects. It does however represent the best starting point from the 

available long-term evidence in human subjects who have received intermittent infusions for 80 weeks.  
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Take home message 

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

Variations in distribution patterns occur between patients, and also within the same patient over time but without visible 

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

The surgical planning guidelines for the placement of the RSC offer an initial element for 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 characteristics and limitations of the RSC design in addition to 

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

Recommendations for the position of catheter features in surgical planning should be monitored in future clinical implants 

to assess the assumptions made in this retrospective review of the first cohort of patients using this paradigm.   
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4 Evaluation of brain mimic materials for catheter design evaluation 

This chapter contains work published ʆɸʃɷɸɽ ʃɷɴ ɿɾʂʃɴʁ ɿʁɴʂɴɽʃɰʃɸɾɽ ÝViscoelastic Vs Agarose hydrogels as brain 

phantoms for catheter developmentÞ(Lewis, Woolley and Johnson, 2018) 

4.1 Motivation 

The recessed step catheter (RSC) used in the clinical study described above was developed with the intention of inhibiting 

reflux of fluids back along the catheter track. This is achieved through the inclusion of an internal recess between the outer 

and inner guide tube and the catheter (Gill et al., 2013). The distributions from the catheter were first tested in vitro in an 

agarose gel model before being trialled in vivo in the porcine model. The embodiment of the catheter used in these 

experiments had a step length (see Figure 3-1) between 3-6 mm which was comparable to other devices trialled in CED 

experiments (Gill et al., 2013).  

Within section 3 it was observed that the step lengths used within the clinical trial did not use the catheter with this 3 mm 

step embodiment, but significantly extended the tip section between 12-34 ɼɼ ɸɽ ɻɴɽɶʃɷ ʃɾ ɼɰʃɲɷ ʃɷɴ ɵɾʁɼ ɾɵ ʃɷɴ ʂʄɱɹɴɲʃÜʂ 

putamen. As the step length provided one of the highest correlation coefficients for overall putamen coverage (Figure 3-23a) 

it is clear that this is a dominant feature of device performance and optimisation.  

A detailed evaluation of the catheter performance, varying the step length feature in line with pre-clinical and clinical 

lengths, is therefore required to characterise and optimise the infusion distributions using the RSC.  A suitable in vitro model 

is therefore required which can accommodate the magnitude of clinically translatable step lengths.  

4.2 Introduction 

Prior to embarking on a large volume of laboratory assessments of the chronically implanted catheter design outlined above, 

a review of the experimental substrates was conducted.  

Agarose gel is a validated mimic for grey matter tissue which has been used to investigate the design of cannula and the 

distribution of infusions in vitro (Chen et al., 2004; Krauze et al., 2005; Gill et al., 2013; Ivanchenko, Sindhwani and 

Linninger, 2010). Validation was performed by Chen (2004), comparing a 0.6 % gel to porcine brain tissue using three 

metrics; needle insertion force, line pressure and distribution volume (comparing the infusion of an MRI visible tracer in 

the gel to a live pig). 

Agarose gel, like gelatines are however brittle and prone to fracture during probe or catheter insertion, introducing variables 

not seen in clinical applications. Some groups have sought to overcome this hurdle by setting the gels around their cannula 

prior to testing (Lueshen et al., 2017). While this provides concise, spherical infusions, it avoids one of the key 

characteristics of implantation which is the trauma caused during implantation, which can have significant, detrimental 

effects on the outcome of infusions (White et al., 2011a).  

Alternative phantom materials have been shown to more closely mimic the mechanical characteristics of brain tissue. 

Composite hydrogels (CH) comprised of a polyvinyl alcohol (PVA) and phytagel (PHY) mix have exhibited similar 
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viscoelastic properties to porcine brain during needle insertion and compressive testing (Forte et al., 2016; Leibinger et al., 

2016). Scanning Electron Microscope (SEM) images of the gels indicate a microporous structure to the gels. These gels 

may therefore offer improved resistance to cracking during catheter implantation. 

Here this viscoelastic gel was evaluated as an alternative to agarose gel for the investigations of infusions using a RSC.  

4.3 Materials and methods 

4.3.1 Agarose gel manufacture 

A container of 0.6 % (by weight) agarose gel was prepared by mixing molecular grade agarose gel powder (Severn Biotech 

LTD, UK) with concentrated (x5) Tris Borate-ETDA buffer (Severn Biotech, UK) and deionised water. The mixture was 

heated in a microwave for 5minutes, stirred and then heated further until all powder had fully dissolved. The heated solution 

was decanted into clear, rectangular glass jar (~500 ml) and allowed to cool naturally to ambient temperature where the gel 

set.  

4.3.2 Composite Hydrogel manufacture 

The CH samples were prepared by weighing dry phytagel powder and PVA granules separately. Dry powder/ granules were 

separately added to deionised water and heated and stirred (using a magnetic stirrer) to 90oC until they had dissolved, and 

the liquid became clear (Figure 4-1a). This would typically take ~1hr. PHY and PVA solutions were then mixed in a 1:1 

ratio and mixed for a further 30minutes (Figure 4-1b). Evaporation was minimised throughout the heating cycle by loosely 

capping the glass vessels. Weight assessment of the clear solutions confirmed negligible liquid losses, limited to between 

3-5 g from the 1700 g of each solution (0.18 %). 

     

Figure 4-1. Composite hydrogel manufacture a) making a paste with PHY powder and de-ionised water, b) mixing the 

PHY and PVA solutions on a magnetic hot plate, c) Mixing the combined solutions to make the final CH preparation. 

The manufacture of the CH was not straightforward and required some development beyond the basic text provided in 

journal papers. Phytagel in particular would cluster once added to a large body of water and would not fully dissolve even 

after several hours of heating and mixing. Creating a paste by adding a small amount of water and manually mashing the 

phytagel together before transfer to the larger body of water was effective in fully dissolving the PHY within the stated 

timeframe (Figure 4-1c).  

a                      b                     c 
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Once mixed, the molten solution was decanted into bespoke, flexible silicone containers (56x56x150 mm) and allowed to 

cool to ~35-40 oC. These containers were then loosely covered with cling film and transferred to a domestic freezer 

(temperature = -25 oC) where samples were frozen overnight.   

Two CH mix ratios were assessed, 5 %PVA/0.59 %PHY and 6 %PVA/0.85 %PHY, with a minimum of four samples each.  

4.3.3 Indentation testing (structural testing of the samples) 

CH samples were removed from the freezer and allowed to thaw for a minimum of 24 hrs at room temperature (four samples 

per CH variation and four samples of agarose gel). To verify that samples were consistent with previously published data 

(Forte et al., 2016; Leibinger et al., 2016) an indentation test was performed on all CH samples.  

A 6 mm spherical diameter indenter was attached to a load cell (5 N load cell; MultiTest 2.5, Mecmesin LTD, Sussex, UK) 

and driven in compression at 0.1 mm/s until a nominal contact load was recorded (0.01N). The load and displacement were 

then zeroed and the spherical indenter was inserted at a fixed rate of 1 mm/s to a maximum depth of 6 mm.  

The indenter was then held in place for 500 s to gather load relaxation data.  

Agarose gel samples were also assessed but were not subject to release through inspection as no indentation data currently 

exists to qualify agarose for testing.  

  

Figure 4-2. Indentation test rig, a) Mecmesin MultiTest 2.5 force test stand, b) indentation test of CH.  

4.3.4 Infusion regime and line pressure monitoring 

RSC were stereotactically implanted in the sample gels using a dedicated test rig (Figure 4-3).  

Trypan blue dye (0.4 %) alone or in combination with a Gadolinium based contrast agent (ProhanceTM, Bracco) were infused 

into the gels, ramping to a peak flow rate of 5 µl/min over 40minutes, and delivering a total infusion volume of 400 µl per 

catheter. Line pressure was recorded for all infusions. Infusions were imaged using a magnetic resonance imaging (MRI) 

machine (3T MRI, Prisma, Siemens) at the Cardiff University Brain Research Imaging Centre (CUBRIC). A 3D T1-

weighted scan sequence was used to image the gel containing the gadolinium infusion (TR=10 ms, TE=3.45 ms, Flip 

angle=10o, slice thickness=1 mm [isometric voxels]).  

  

a                             b  



Page - 82 - of 194 

 

 

 

 

Figure 4-3. Iɽɵʄʂɸɾɽ ʃɴʂʃɸɽɶ, ɰ) ɨɲɷɴɼɰʃɸɲ ɾɵ ɶɴɻ ɸɽɵʄʂɸɾɽ ʁɸɶ, ɱ) ɰɶɰʁɾʂɴ ɿɾʃ ʆɸʃɷ ɰɲʁʈɻɸɲ ÛʂɺʄɻɻÜ ɷɾʄʂɸɽɶ ɧɨɘ ɷʄɱʂ, ɲ) 

real time infusion test rig housed in a Magnetic Resonance Imaging (MRI) machine with 6m lines extending to the 

pumps in the control room. 

4.3.5 Infusion morphology assessment  

Distributions were visualised in two ways. The MRI scans were reviewed, and the gels were also sliced and photographed 

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

4.3.6 High speed image acquisition of implant  

Samples of agarose gel were pigmented with 10µm blue polystyrene spheres while molten and cast into clear chamber 

slides. Microspheres were used to aid visualisation of the strains within the gel during device implantation (e.g.  a 0.6 mm 

diameter tungsten carbide rod, used clinically to create the track for the catheter, was used). High speed acquisition was 

performed to assess gel compression and obvious signs of tearing as the rod was inserted laterally into the gel at a rate of 1 

mm/s to a maximum depth of 5 mm (Figure 4-4 and Figure 4-5).  
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Figure 4-4. High speed image capture test rig.   

ɞʃ ʆɰʂ ɽɾʃ ɿɾʂʂɸɱɻɴ ʃɾ ɸɼɰɶɴ ɘɝ ʂʃʁɰɸɽʂ ɳʄɴ ʃɾ ʃɷɴ ɶɴɻÜʂ ɾɿɰɲɸʃʈ.  

Image acquisition was performed using a Mikrotron MotionBlitz Cube2 high speed camera. Chamber slides were visualised 

beneath a Leica light microscopy stand with back-lighting. Rod insertion and withdrawal were controlled with a bespoke 

actuator mechanism driven by dual stepper motors and controlled by a programable Arduino microcontroller (Figure 4-5).  

 

Figure 4-5. Microsphere gel samples positioned beneath the microscope and within the controlled insertion actuator 

mechanism. 

4.4 Results 

4.4.1 Indentation testing  

Linear rises in force were observed for the two CH mixtures during the indentation test (spherical indenter) with the higher 

PVA and PHY content having produced a stiffer gel (peak force: 0.68-0.85 N) (Figure 4-6). Both CH mixtures exhibited a 

viscoelastic relaxation curve profile over the hold period (500 s) (Figure 4-7). Agarose gel however exhibited repeatable, 
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brittle fracture characteristics. The indenter ruptured the surface routinely around 4 mm insertion depth (peak forces: 0.34-

0.50 N). Once the surface was ruptured the residual resultant forces quickly dissipated (Figure 4-7). 

 

Figure 4-6. Indentation test of agarose and composite hydrogels (SEM range shown, n=4 per material tested). 

 

Figure 4-7. Force relaxation curve following indentation of agarose and composite hydrogels (SEM range shown, n=4 

per material tested). 

4.4.2 In line pressure monitoring 

The total infusion time for the 400 µl infusion was ~1hr40mins. Monitoring revealed higher mean line pressure in both 

sets of CH samples than in the agarose gel (Figure 4-8). Peak 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 then sharply fall 

over the duration of the experiment. 
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Figure 4-8. Infusion line pressure (SEM range, n=4 per material tested). 

4.4.3 Infusion morphology 

Infusions into the agarose gel (Figure 4-9 a-d) occupied the region defined between the catheter tip and the recess, at the 

OGT tip, as expected from clinical infusions previously shown (Figure 3-28 a & d). Minor reflux was visible on a single 

infusion extending to the surface of the gel. Infusion distributions of the GBCA and trypan blue dye into the CHs exhibited 

highly irregular infusion patterns which were not consistent with either agarose or clinical distribution morphologies.  

 

 

Figure 4-9. a-b) Trypan blue infusions into agarose gel using RSC, c-d) 2 mM gadolinium infusion in agarose gel Ù 

MRI image (left ) and segmented infusions (right), e-g) Trypan blue infusions into CH using RSC, h) 2 mM 

gadolinium infusion into CH showing highly irregular morphology. 
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4.4.4 High speed image acquisition of implant  

   

   

Figure 4-10. Track forming rod insertion into microsphere pigmented gel samples under magnification imaged using 

high speed camera a-c) sample images of rod insertion, d-f) magnified images of rod travelling through gel showing 

limited tearing using this rod and insertion speed.  

4.5 Discussion 

Agarose gel has a number of benefits when considering its use for the investigation of infusion parameters or new catheter 

designs. It is relatively low cost to purchase the powder (~£400/Kg) and buffer (£5/L) when only 4 g of powder and 75 ml 

of buffer can yield enough gel to fill a 500 ml glass jar which can comfortably house 4 infusions. The gel is also easy to 

manufacture in small or large quantities with minimal equipment (measuring and mixing vessels, and a microwave). Agarose 

is also transparent which enables real time monitoring of the distribution as it propagates through the gel using relatively 

low-cost equipment such as desk lamps and a digital camera with time lapse capability.  Inserting catheters into the gel can 

yield a high failure rate however, due to the brittle nature of the gel (Dawe and Erickson, 2006), which is not observed in 

brain tissue (Bienemann et al., 2012; Gill et al., 2013). 

Alternative mimics such as the CH (investigated here) could resolve the failure observed through initial implantation through 

closer adherence to the viscoelastic properties of brain tissue. The CH also has a comparable cost of basic materials 

(PHY~£180/Kg, PVA~£210/Kg).  

Disadvantages of the CH include the extended manufacturing time (agarose: 15-20minutes, CH; 2.0-2.5hrs) for a 

comparable volume of gel which adds to the overall cost significantly. Costs could be amortised if manufacture were scaled 

up, but this is unlikely in the context of laboratory settings. The opacity of the CH means that data on the developing 

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

operational cost. 

ŀ                                   ō                                      Ŏ 

Ř                                  Ŝ                                    Ŧ 
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Variations in batches due to measurement error were minimal as large quantities of gel were made each time. 2 L of gel 

were made by mixing the PVA and PHY solutions in a ratio of 1:1. Laboratory balances with a minimum of 2 decimal 

places were used to measure the dry weight of PVA and PHY resulting in a measurement error of 5±0.01 

%PVA/0.59±0.01 %PHY for the lower concentration CH and 6±0.01 %PVA/ 0.85±0.01 %PHY for the higher 

concentration. Indentation testing was then performed on samples used within this experiment to confirm that they 

possessed similar viscoelastic properties to those previously published, with the lower concentration of the CH 

(5%PVA/0.59% PHY) closely matching the viscoelastic curves published for ex vivo pig brain tissue (Figure 4-6, peak 

force: 0.13-0.20 N, Figure 4-7, asymptotic relaxation curve with load trending towards 0.05 N over 500 s) (Leibinger et 

al., 2016).  Minor adjustment to the CH recipe yielded a five-fold increase in the stiffness of the CH (6 %PVA/0.85 % 

PHY).  

Unexpectedly, while the agarose withstood around 4 mm of indentation, providing resultant forces similar in magnitude to 

gelatine, evaluated alongside the CH in previously published work, further indentation resulted in complete rupture of the 

agarose surface. Once the indenter had broken the surface the residual resultant forces quickly dropped close to zero, where 

gelatine had previously maintained a higher overall residual load throughout the relaxation assessment over 500s (0.10-

0.13N at 500s). The agarose gel exhibited brittle surface fracture under spherical indenter loading which is dissimilar to 

brain tissue or the CH (5 %PVA/0.59 % PHY) previously published (Leibinger et al., 2016). 

Under high magnification and at high image acquisition speeds (50Hz) the gel did not exhibit obvious signs of tearing when 

stabbed with a 0.6 mm diameter tungsten carbide rod (Figure 4-10). Impregnated spheres are pushed ahead and radially 

away from the track forming tool, providing a degree of resultant compressive force which would aid sealing and minimise 

reflux during infusions. Viewed at much slower speeds, the insertion of the rod is met with a compression then a slip action 

along the contact interface. While this test did not produce large amounts of visible tearing, higher insertion speeds and 

larger dissection rods may result in increased trauma. This deformation appears to be strain dependant with larger strains 

induced through surface indentation resulting in gel rupture. Such rupture would result in catastrophic failure and cause 

infusate reflux, however slow implantation speeds to minimise strains and tearing may result in improved outcomes.  

Both CH mixtures were more elastic to the touch than agarose (as might be expected from the indentation testing), 

rebounding to the insertion of implantation rods for the guide tubes and catheter.  

Line pressure alone has been shown to be a poor indicator of distribution performance or a hallmark of refluxing infusions 

but was shown to highlight occluded channels effectively (Lam et al., 2014). 

Infusions into the agarose gels were uneventful producing the expected elongate distributions observed in the clinical trial 

(Figure 3-28a & d). Some minor reflux was observed on a single infusion (Figure 4-9c & d) which reached the surface of 

the gel and appeared to decompress the infusion slightly, limiting the fullness of the distribution seen in the other 3 infusions. 

Infusions into both CHs routinely yielded high line pressures (Figure 4-8), sometimes reaching occlusion alarm limits of 

the B|Braun syringe pumps. This line pressure which rose and subsided at random, appeared to be caused by the inability 
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of the infusate to travel through the CH substrate. Anisotropic distributions were both irregular in shape, making volumetric 

analysis difficult, and unpredictable in the amount of line pressure that would be required to force the fluid into the gel. A 

second batch of CH gels were made at a different time point to evaluate whether the limited dispersal of fluids was batch 

specific, but the outcomes were the same. 

While mechanically similar to the viscoelastic properties of brain tissue, the CH mixtures are not suited to infusion studies. 

Further development would be required to balance the need for mechanical alignment with brain tissue and the need to also 

achieve comparable and homogenous permeability to grey matter and/ or agarose if it is to replace it as a preferred mimic 

material.   

4.6 Conclusions 

Despite exhibiting comparable mechanical properties of CH previously published and validated against ex vivo porcine 

brain, two separate recipes of CH failed to effectively distribute infusions consistently, or in a comparable manner to those 

observed in clinical studies.  

Conversely, infusions into the agarose produced consistent distribution shapes which were similar to clinically observed 

infusions into the human putamen. Despite a consistent technique used to implant the catheters in the gel, one of the four 

tested displayed some uncontrolled reflux which extended beyond the step (inhibition) feature, which further confirms the 

challenge of utilising the agarose gel for catheter development. While agarose gel is an imperfect brain mimic which is 

prone to brittle fracture (under indentation loading with a spherical indenter), it does poses similar permeability to brain 

tissue (grey matter). In addition, its relatively low cost and ease of manufacture continue to make it the most appropriate 

surrogate for brain tissue in the early phases of development and laboratory-based investigations.  

Take home message 

Brain mimic materials are a compromise in place of using the real thing. 

Agarose gels are brittle (under spherical indentation compressive loading) and mechanically fail in a way unlike brain tissue 

but do offer a low cost, optical substrate with a similar pore fraction to brain tissue (validation against infusions in porcine 

brain previously published), for viewing infusions as they distribute. 

The composite hydrogels investigated here are currently unsuitable for investigating catheter performance due to their 

dissimilar permeability characteristics to brain tissue.  
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5 In vitro and in vivo characterisation of the recessed step catheter distributions 

This chapter contains work previously published within the Journal of Neuroscience Methods article ÝMaximising coverage 

of brain structures using controlled reflux convection-enhanced delivery and the recessed step catheterÞ (Lewis et al., 

2018)  

5.1 Motivation 

As has previously been highlighted, systemic routes of administration which aim to deliver therapies to the brain are highly 

inefficient at transporting drugs to brain parenchymal tissues. Firstly because of the non-target specific nature of systemic 

delivery, but more importantly the filtration provided by the blood brain barrier.  

A range of cannula designs for acutely delivering infusates directly to the brain were reviewed (section 2.1) alongside the 

fully implantable recessed step catheter (RSC), designed in Bristol University, UK (Gill et al., 2013). The RSC is capable 

of acute infusions but uniquely able to provide long term intermittent access to the brain when coupled with a percutaneous 

access port. 

The evidence for the RSC, published ahead of the first-in-man study (Gill et al., 2013), compared its infusion and distribution 

performance to a comparator design, an externally stepped cannula, both single and double steps. The step length of the 

RSC (defined by the distance between the catheter tip and the outer guide tube tip), was restricted to 3 mm in the agarose 

gel tests, and 3-6 mm in the in vivo porcine study, where fluid appeared to flow readily between the catheter tip and the 

recess within the outer guide tube. This step length effectively defining the initial infusion region. Once transferred to clinic 

however the step length then dramatically increased, ranging from 12.3-34.2 mm, average 23.7 mm (Section 3.4.2). A 

ʁɴɰʂʂɴʂʂɼɴɽʃ ɾɵ ʃɷɴ ɧɨɘÜʂ ɿɴʁɵɾʁɼɰɽɲɴ ɲɷɰʁɰɲʃɴʁɸʂʃɸɲʂ ʆɸʃɷ ʁɴʂɿɴɲʃ ʃɾ ʃɷɴ ɳɸʂʃʁibutions which can be obtained is therefore 

warranted to aid in the understanding of what should be expected in vivo both pre-clinically and clinically.   

5.2 Introduction 

The aim of this chapter is to investigate the effects of a limited number of variables upon the distribution morphology 

obtained in a grey matter brain mimic (agarose gel) selected in the previous section. 

As an initial evaluation of step lengths, a range between 3-18 mm will be investigated, covering grey matter target lengths 

in pre-clinical and clinical cases. Peak infusion flow rates ranging from 0.1-0.6 ml/hr (1.3-10 µl/min) will also be evaluated 

which have been used in both pre-clinical and clinical cases (Barua et al., 2013a; Bankiewicz et al., 2016; Gill et al., 2013).  

5.3 Materials and methods 

5.3.1 In vitro evaluation 

5.3.1.1 Agarose gel and infusate preparation 

Agarose gel is a validated mimic for grey matter tissue used to investigate the distribution of infusions in vitro (Chen et al., 

2004; Krauze et al., 2005; Gill et al., 2013; Ivanchenko, Sindhwani and Linninger, 2010), and as we showed in the previous 

chapter, represents on balance, the best substrate currently available for the investigation of infusions from catheter devices. 
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Agarose gel (0.6 %) was prepared by mixing molecular grade agarose gel (Severn Biotech LTD, UK) with concentrated 

Tris Borate-ETDA buffer (Severn Biotech, UK) and deionised water. The mixture was heated in a microwave for 5 minutes, 

stirred and then heated further until all powder had fully dissolved. The heated solution was decanted into 50x50x150 mm 

clear, rectangular acrylic containers which represented a large volume of homogenous brain tissue (375 ml). Gels set as they 

were cooled naturally to ambient temperature.  

A 3 mm acrylic lid was secured to the pot and used to simulate the skull. The RSC hub was anchored within the acrylic lid, 

mimicking the implantation procedure.  

Trypan Blue powder (Sigma Aldrich) has previously been used as a high visual contrast in gel infusion tests (Gill et al., 

2013; Krauze et al., 2005).  Powder was weighed and dissolved in deionised water to a concentration of 0.4 %.  

5.3.1.2 Catheter 

As previously described, the RSC is formed by the assembly of three components; an Outer Guide Tube (OGT), Inner Guide 

Tube (IGT) and catheter (Figure 3-9). To evaluate the step length and its effect on infusion morphology, the OGT and IGT 

were cut to a fixed length for all tests, 60 mm and 58.5 mm, respectively, forming a 1.5 mm gel plug within the recess. 

Catheters were cut to 63, 66, 72, 78 mm, creating step lengths of 3, 6, 12 and 18 mm beyond the distal tip of the OGT.  

5.3.1.3 Test set up 

ɩɴʂʃ ʂɰɼɿɻɴʂ ʆɴʁɴ ʁɸɶɸɳɻʈ ɵɸʇɴɳ ʆɸʃɷɸɽ ɰɽ ɸɽɵʄʂɸɾɽ ÛʂʃɰʃɸɾɽÜ. ɖɽ ɰɲʁʈɻɸɲ ɱɰʂɴɿɻɰʃɴ ʆɰʂ ʄʂɴɳ ʃɾ ɼɾʄɽʃ ʃɷɴ ɶɴɻ ɿɾʃ, ʃɷe delivery 

frame and digital camera for sequential, time lapse images of the developing distributions (Figure 5-1). Rigid delivery rods 

and identical tools were used to implant the plastic tubes into the gel using a human stereotactic frame (Radionics® CRWTM, 

Integra Lifesciences Corp.), mimicking the insertion technique used within the human cases.  

A digital camera (Model 1200D, Canon Inc) was used to acquire time lapse images throughout the infusions with standard 

desktop lamps used to add light through the pots of gel. B|BraunTM Perfusor Space syringe pumps were used to run ramp 

and taper infusion regimes (Figure 5-2).  
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Figure 5-1. 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 Stimulation (DBS) surgical plans were 

anonymised and reviewed (outside the remit of this thesis) which were provided by Prof Steve Gill. This supportive evidence 

however identified that the volume of two likely targets for delivery of a therapeutic the putamen and the caudate nucleus 

had average volumes of 4.30±0.03 ml (range: 2.89-5.94 ml) and 2.90±0.03 ml (range 2.03-4.64 ml), respectively. The 

volume of the putamen compares favourably to a smaller sample (n=11) previously published, 4.02+/-0.23 ml (range: 3.01-

5.29 ml)  (Yin et al., 2009). Average caudate nucleus volumes were similar to previously published data (3.5±0.26 ml) from 

the same source. 

Within the short time of an infusion, it will be assumed that the space occupied by infused fluid will occupy only the 

interstitial space between cells as these have a finite volume themselves. The available space in this sponge like framework, 

the interstitial (or extracellular space) is ~20 % of the volume fraction (Roitbak and Sykova, 1999), therefore the other ~80 

% is occupied by cells. The ratio of coverage for a unit infused (Vd/Vi) is therefore 5:1, and has previously been reported as 

such, 5±0.2 (mean ± standard deviation)(Chen et al., 1999).  

Total coverage of the putamen would require an infusion volume of at least 0.8 ml (800 µl), or 0.4 ml (400 µl) split over 2 

catheters (which was the arrangement used in the first-in-man study).  

5.3.1.5 Infusion regime 

A gradual rise in the flow rate is widely used in CED studies (Bankiewicz et al., 2000; Bienemann et al., 2012; Gill et al., 

2013; Barua et al., 2013b) to minimise the risk and incidence of reflux.  A stepped ramped regime can be used.  

Three linear ramp and taper profiles, each delivering 400 µl were defined and installed onboard a bank of four syringe 

pumps (Perfusor® Space, B|Braun). Infusions were accelerated to the peak flow rate (Q) over 40mins (Figure 5-2) and held 

there until the infusion was complete (which included a standard, decreasing linear taper to shut off of 1min, which was a 

default requirement of all pump regimes). Total infusion times were 1hr (Q10=0.6 ml/hr[10 µl/min]), 1hr40mins (Q5=0.3 

ml/hr[5 µl/min]) and 4hrs21mins (Q1=0.1 ml/hr[1.3 µl/min]) which were all considered clinically translatable as a patient 
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could be seen, infused and observed within a single working day. A minimum of 9 repeats for each step length at each flow 

rate were performed (n=108). 

 

Figure 5-2. Investigational, clinically translatable infusion regimes for intermittent delivery. 

5.3.1.6 Infusion image acquisition rig 

Gel pots typically contained two separate, non-contacting infusions to maximise the use of each gel. Once infusions were 

complete, the gel was sliced within 10minutes, into 3 mm sections along the long axis of the pot, providing 50x150x3 mm 

slices of gel.  

The central section contained the infusion at its widest point. This section was laid flat onto a scaled bed and photographed 

beneath a diffusion light box (Figure 5-3).  

  

Figure 5-3. Infusion imaging rig: left) showing well demarcated infusion clouds within 3 mm thick slices of agarose 

gel against a graduated border; right) side profile schematic of the gel slice imaging jig. 

5.3.1.7 Image analysis 

Images of the gel slices acquired using the scaled imaging jig (Figure 5-3). Briefly, 3 mm thick slices of gel were laid flat 

onto the white acrylic base of the imaging jig. This jig had two embedded rules with 0.5-1.0 mm scale increments. The 

images were acquired manually using a digital SLR camera with remote shooting capability. Live view images were 

observed from within the lightbox before pictures were collected. These image files were then manually imported into 
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Matlab for further processing (Matlab 9.2, The Mathworks, Inc., Natick, Massachusetts, United States). Infusion areas were 

magnified within the image segmentation toolbox (Image processing toolbox 10.0) and the manual plotter was used to place 

a polygon around the boundary of the infusion. This 2D profile was used to create a segmented binary image with the same 

dimensions as the base image and was exported to the workspace. The image then only contained pixels with values of zero 

or 1 (outside and inside the infusion distribution, respectively). Pixel width was calibrated for each image using the scaled 

rules on the imaging rig (Figure 5-3). A script was used to calculate the distribution volume (Vd) of the dye by counting the 

width of every vertical row of white pixels in the segmented image. The length of each row was divided in two to define 

the radius of the distribution at that height. This was squared and multiped by Pi to get the cross-sectional area at that height. 

Each sequential area was multiplied by the pixel height to create a disc volume at every level of the infusion. The sum of 

the discs from each row provided the total distribution volume, Vd. Maximum distribution length and width were also 

recorded.  

Sectioned gel slices displayed a clear profile boundary for the distributions as a dark, saturated core with a weaker, diffuse 

boundary. The band of diffuse infusate was routinely 1-2 mm in width and inherently variable. To minimise subjectivity, 

manual profiles were created for each infusion at the border of the highly saturated core region, with all assessments 

performed by a single person. Analysed volumes are therefore likely to underestimate total coverage, no information on 

concentration gradients within the overall coverage, but would provide a more direct comparison between tests.  

5.3.2 In vivo evaluation 

5.3.2.1 Study licences and ethical oversight 

Surgical procedures were performed in accordance with the Animals (Scientific Procedures) Act (1986) under specific UK 

Home Office project and personal licences (project licence number 30/2909) at a licensed establishment. Study protocols 

were pre-approved by the University of Bristol Ethical Review board.  

5.3.2.2 Surgical procedure 

The author did not perform the surgical procedures but devised and assisted in the conduct of the study in a theatre support, 

planning and operational role. In vivo proof of principle of the catheter infusion characteristics was investigated through the 

implantation of RSC into deep grey matter structures (putamen and thalamus) in 5 large white Landrace pigs. A combination 

of twelve catheters in all were implanted. 

OGT tips were placed inside each structure and the catheter length was adjusted to provide a range of step lengths to a 

maximum of 12 mm (longer step lengths were not possible in grey matter targets due to the size and shape of the porcine 

brain).  

Anaesthesia, head fixation, MRI scanning and stereotactic procedures were performed as previously described (White et 

al., 2011b; Barua et al., 2013c).   
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5.3.2.3 Test infusions 

Magnevist is a gadolinium-based contrast agent (GBCA) widely used in CED research (Lonser et al., 2002; Lonser et al., 

2007b; Bankiewicz et al., 2016). An MRI visible solution was prepared by diluting Magnevist® (Bayer) down to a 2 mM 

concentration in artificial cerebrospinal fluid (aCSF). Infusion volumes were lowered to 120-200 µl, with smaller infusion 

volumes used in the putamen due to its smaller size. 

Sequential T1 weighted MRI scans were acquired throughout the infusions. Ramped infusion regimes were used as 

described above with flow rates peaking at 0.18-0.3 ml/hr. 

5.3.3 Statistical analysis 

The statistical difference between the mean of sample populations was assessed by StudentÜʂ t-test or a one-way ANOVA 

where more than two groups were compared.  

A significance level of 5 % was used to compare Vd, distribution width and length between flow rates and between step 

lengths.  

Pearson correlation coefficients were calculated for the distribution volume, width and length at each infusion flow rate over 

the step length groups.  
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5.4 Results  

5.4.1 In vitro infusion morphology: Distribution length and width 

In the agarose gel a strong correlation between increased step length (SL) and increased length of the distribution was 

observed (Figure 5-4a: Q1[r=0.95, p<0.001], Q5[r= 0.98, p<0.001], Q10[r=0.98, p<0.001]). Infused fluid refluxed back to 

the recess as expected across all step lengths assessed, with greater amounts of reflux beyond the step occurring in shorter 

steps and at higher flow rates. As the distribution lengthened, as would be expected, the width reduced as the infusion 

volume was fixed for all tests. The width linearly dropped a small but significant amount at each step length (Figure 5-4b: 

Q1[r=-0.89, p<0.001], Q5[r=-0.83, p<0.001], Q10[r=-0.60, p<0.001]).  

When reviewing the effect of flow rate on the morphology, the length of the infusion clouds decreased as the volumetric 

flow rate (Q) increased. This affect was consistently observed across all step length groups (SL(3 mm); F(2,27)=31.6, 

p<0.001, SL(6 mm); F(2,29)=25.3, p<0.001, SL(12 mm); F(2,30)=19.7, p<0.001, SL(18 mm); F(2,29)=9.5, p<0.001). The 

average distribution width was also significantly reduced as the volumetric flow rate (Q) was increased. Again, this was 

observed at each of the step lengths investigated (SL(3 mm); F(2,27)=116.0, p<0.001, SL(6 mm); F(2,29)=49.9, p<0.001, 

SL(12 mm); F(2,30)=75.2, p<0.001, SL(18 mm); F(2,29)=46.8, p<0.001). 

 

 

Figure 5-4. a) Q1 (top), Q5 (middle) and Q10 (bottom) trendlines for distribution length versus step length, b) Q1 (top), Q5 

(middle) and Q10 (bottom) trendlines for distribution width versus step length. Error bars denote SEM. 

b 

a 
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5.4.2 In vitro infusion morphology: Distribution volume 

Both flow rate and step length affected the overall volume of gel coverage within this experiment. At each fixed step length, 

increasing the flow rate resulted in a significant decrease in the distribution volume (SL(3 mm); F(2,27)= 71.3, p<0.001, 

SL(6 mm); F(2,29)= 65.4, p<0.001, SL(12 mm); F(2,30)= 103.6, p<0.001, SL(18 mm); F(2,29)= 69.4, p<0.001) (Figure 

5-5). 

Increasing the step length provided a positive correlation with increases in the distribution volume within each of the flow 

rate groups assessed (Q1[r=0.66, p<0.001], Q5[r=0.74, p<0.001], Q10[r=0.78, p<0.001]). 

 

 

Figure 5-5. Q1 (top), Q5 (middle) and Q10 (bottom) trendlines for distribution volumes versus step length. Error bars 

denote SEM. 

5.4.3 In vivo infusion morphology: Length and width 

Due to the relative size difference in the anatomical targets used in the porcine putamen, two infusion volumes were used 

within the in vivo study arm; putamen-120 µl, thalamus-200 µl. 

 

a) b) 

Figure 5-6. a) Length of infusions achieved in the porcine grey matter; triangles=120 µl (at 5 µl/min), circles = 200 µl 

(at 3 µl/min); b) width of distributions achieved in the porcine white matter; triangles=120 µl (at 5 µl/min), circles = 

200 µl (at 3 µl/min). 
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As demonstrated in the gel model, increases in the step length were strongly correlated with an increase in the distribution 

length despite there being fewer data points available within this proof of principle part of the study (Vi(120 µl): R=0.90, 

p=0.006, Vi(200 µl): R=0.84, p=0.03) (Figure 5-6a). While there is a negative linear trend in the distribution width, 

consistent with gel studies, the variability is too great which prevents the establishment of significance in this instance 

(Vi(120 µl): R=-0.62, p=0.13, Vi(200 µl):R=-0.82, p=0.05)(Figure 5-6b). All infusions flowed between the catheter tip and 

the recess as seen in the gel study for all lengths tested (3-12 mm) (Figure 5-7a-d).  

5.4.4 In vivo infusion morphology: distribution volume 

Non-significant, and numerically small increases were observed in the distribution volume as the step length was increased 

(Vi(120 µl):R=0.77, p=0.27, Vi(200 µl):R=0.77, p=0.07) (Figure 5-7e).  

 
Figure 5-7. In vivo MRI scans of infusions using the recessed step catheter in the porcine model - a) 5 mm step in 

putamen, b) 6 mm step in thalamus, c) 8 mm step in thalamus, d) 12 mm step in thalamus, e) distribution volume 

achieved from infusions into the porcine grey matter; triangles=120 µl (at 0.3 ml/hr) circles = 200 µl (at 0.18 ml/hr).  

5.5 Discussion 

5.5.1 Controlled reflux 

Studies of CED devices typically advocate a point source from which to deliver spherical infusions of therapies (Ivanchenko, 

Sindhwani and Linninger, 2010), however this method is sub-optimal for the coverage of neuroanatomical structures which 

are themselves not spherical. By modifying the desirable distribution morphology to more closely match these target 

structures, improvements in coverage could be achieved. 

  

0

50

100

150

200

250

300

350

400

450

0 2 4 6 8 10 12 14

D
is

tr
ib

u
tio

n
 v

o
lu

m
e
 (

µ
l)

Step Length (mm)

e

a                 b                     c                       d  



Page - 98 - of 194 

While the delivery of fluid to a variable region could be achieved in a variety of ways (e.g. variable porous/ multiport 

catheter sections), the RSC uses the inherent reflux observed in CED applications to cover the region defined by the 

extension of the catheter beyond the guide tubes, the step length (SL - Figure 5-8a).  

 

a b c d e f 

 

g h i j k l 

Figure 5-8. The stages of controlled reflux; a) implanted device Ù SL=Step Length, b) initial reflux, c) ramped/ stepped 

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

pathways, d) peak flow rate achieved and stable convection reached, e) optimal limit of delivery, f) overload Ù pressure 

exceeds inhibition feature limit; g-l) stages a-f demonstrated in a gel model 

Encouraging the fluid to remain in this region is achieved through the inclusion of an internal recess within the step, 

ɸɽɲʁɴɰʂɸɽɶ ʃɷɴ ʃɾʁʃʄɾʂɸʃʈ ɾɵ ʃɷɴ ɵɻʄɸɳ ɿɰʃɷ, ɴɵɵɴɲʃɸʅɴɻʈ Ýɲɾɽʃʁɾɻɻɸɽɶ ʃɷɴ ʁɴɵɻʄʇÞ. ɩɷɸʂ ɵɴɰʃʄʁɴ ʆɸɻɻ ɴʅɴɽʃʄɰɻɻʈ ɵɰɸɻ ɸɽ ʁɴʂɿɾnse 

to excessive pressures induced through large volumes or flow rates. A schematic illustrating the development of an infusion 

and the point of failure are provided above  (Figure 5-8a-f) alongside a representative examples of each stage from a sample 

gel infusion (Figure 5-8g-l). 

5.5.2 Controlling infusion morphology 

ɖʃ ʃɷɴ ʃɸɼɴ ɾɵ ɲɾɽɳʄɲʃɸɽɶ ʃɷɸʂ ɴʇɿɴʁɸɼɴɽʃ, ɽɾ ɳɴʃɰɸɻɴɳ ɰʂʂɴʂʂɼɴɽʃ ɾɵ ʃɷɴ ɾɿɴʁɰʃɸɾɽɰɻ ɿɴʁɵɾʁɼɰɽɲɴ ɾɵ ɰ Ýɲɾɽʃʁɾɻɻɴɳ ʁɴɵɻʄʇÞ 

catheter system had been published. Earlier work published in Bristol, identified only the recess as a feature to limit 

ÛɱɰɲɺɵɻɾʆÜ, ɰɽɳ ɲɾɼɿɰʁɴɳ ɰ 3 mm step length against other arrangements with similar features, specifically an externally 

stepped cannula (Gill et al., 2013; Krauze et al., 2005). Though numerous papers had, and have since been published on the 

pre-clinical and clinical uses of these systems to administer investigational molecules (Singleton et al., 2018; Souweidane 

et al., 2018; Bankiewicz et al., 2016; Whone et al., 2019a), none have published systematic investigations on the 
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manipulation of flow rates and infusion volumes using the recessed step catheter design. This experiment therefore provides 

information on the distribution morphology (shape, length, width and total volume of distributions) which might be expected 

from clinically useful volumes in grey matter targets. These agarose gel experiments confirm that within the range evaluated, 

the fluid would routinely travel between the catheter tip and the recess and develop an infusion cloud from this initial region. 

 

Figure 5-9. a) Schematic of distribution morphology characteristics associated with increasing the step length of the 

recessed step catheter, b) actual distributions associated with increasing step lengths. 

Logically, as the step and distribution length increased, the distribution width would narrow, resulting in spherical 

distributions for shorter step lengths and elongate, cylindrical infusions as the step increased (Figure 5-9a-b).  

There were a number of interesting findings beyond this simple observation, however.  

As the infused volume was fixed at 400 µl, and the gel was homogenous (0.6 % agarose), then the overall distribution was 

thought to remain constant. However, as the step length increased so too did the distribution volume. A significant linear 

rise in coverage was observed from 3-18 mm (Figure 5-5).  

It is likely that manually profiling the edge of infusions where the boundary is diffuse (the combination of the convective 

and diffusive flow during the infusion), may introduce an error into this process as an exact edge is not visible. Automatically 

segmenting the infusion distributions was trialled, however variations in lighting taken at the time of sample acquisition 

prevented isolation of the infusions using a fixed threshold value.  

As with the assessment of the clinical trial, a single user (author) was tasked to perform all manual segmentations around 

the dark boundary before the infusion grows lighter in colour (Figure 5-10). The depth of the diffuse ring around the 

infusions was not markedly different between cases, which is unsurprising as Dawe and Errickson have previously reported 

that the diffusion coefficient of Typan blue in 0.6 % agarose gel is 1.08 mm2/hr (Dawe and Erickson, 2006) meaning that 

the dye will continue to spread throughout the gel due to Brownian motion, but this will occur at a much slower rate than 

a 

b 
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during an infusion where the convective and diffusive flows combine. The use of the dark, convective boundary by a single 

user was used to provide a useful comparison point between samples. Future work should however seek to automate the 

analysis process and incorporate real time imaging assessment of the distribution volumes using a fixed lighting source.  
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Figure 5-10. The distal edge of distributions in the agarose gel from an 18 mm step length catheter infused at a) 0.1 

ml/hr, b) 0.3 ml/hr, c) 0.6 ml/hr. 

Significant differences in the distribution volumes were also observed when changing flow rate (and keeping the step length 

fixed). As the flow rate increased, the coverage significantly dropped (Figure 5-5), which may be explained by the prolonged 

infusion time for slower rates, where the distribution volume would be augmented by the increased time for diffusion, and 

further improved by longer step lengths. At each step length investigated (3, 6, 12 and 18 mm) there was a significant drop 

in the distribution volumes achieved as the flow rate was increased from 0.1 to 0.3 and then 0.6 ml/hr. This mirrors trends 

previously published by Chen and colleagues who noted a 50 % reduction in the Vd/Vi ratio when flow rates increased from 

1-10 µl/min (Chen et al., 2002). This evidence confirms that the infusion regimes used with an implanted device play a 

significant role in the overall coverage of target structures.  

These characteristic profiles identified in the gels were also observed in vivo, with infusate refluxing in a controlled manner 

to the step before stabilising and distributing laterally (Figure 5-7). 

As might be expected, infusions into live tissues are less uniform than in homogenous gels however linear increases in 

distribution length and a reduction in width were observed across the small number of catheters tested which demonstrates 

proof of principle. 

Take home message 

The RSC is unique in the field of direct delivery to the brain as it uses the three-tube system to its advantage to vary the 

distribution morphology by modifying the step length. This can be used to target, and maximise the coverage of, asymmetric 

neuro-anatomical structures. 

Considering the operational limits of the RSC, secondary reflux beyond the recess occurred most often in the shortest step 

lengths (3-6 mm) and at the highest flow rates (0.6 ml/hr). This in part explains historical challenges previously identified 

in translating pre-clinical results to a clinical setting. Pre-clinical infusions are inherently lower in volume to accommodate 

the anatomy and there is a desire to limit clinical patient times to reduce costs, driving infusions faster and faster (Bankiewicz 

et al., 2016). The trends shown above highlight significant risks of lower coverage and higher risk of reflux when infusion 

rates are ubiquitously pushed to go faster and faster, and also increase the risk of tissue damage as previously published 

(Krauze et al., 2005).  
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A compromise must therefore be struck between the preferred, short infusion times resulting in smaller distribution volumes, 

or longer infusion times that provide greater coverage, reduced risk of reflux but greater risk of unavoidable losses via 

natural clearance mechanisms. 

5.5.3 Application of learning 

To optimise the performance of implanted catheters a knowledge of their distribution characteristics must be known in 

advance. This chapter has provided empirical evidence on the morphology of distributions which can be achieved with the 

RSC. 

For anatomical neurological structures such as the putamen (Figure 3-4), total coverage is unlikely using a single implanted 

catheter. In the first-in-man study, two catheters were implanted into each hemisphere to maximise coverage of the putamen 

with average volumes increasing as a result of increased retention and longer steps inside the target structure (Figure 3-14).  

Average coverage reached a high at 57 % in the first test infusions when posterior trajectories maximised the step length 

into structure. 

A third catheter into the anterior portion of the structure may have yielded further gains. Future development of finite 

element analysis (FEA) models may provide useful tools for surgical planning as advocated by other groups (Linninger et 

al., 2008a; Linninger et al., 2008b; Linninger et al., 2008c; Vidotto et al., 2020; Zhan, Rodriguez and Dini, 2019). The 

creation of optimal trajectories, step lengths and infusion regimes to maximise coverage ahead of implantation would be 

valuable for patient care. An example surgical plan, increasing the number of catheters and alternative trajectories are 

provided below (Figure 5-11).   

 

Figure 5-11. Examples of surgical trajectories aiming to maximise target structure coverage using the RSC, a) 

Example drug delivery surgical plan within neuroinspireTM (Renishaw plc, UK), putamen (yellow outlines) coverage is 

targeted with an empirical infusion distribution planning guide (red outlines) delivered via four catheters (white 

outlines), b) alternative, vertically stacked  RSC entering the putamen via a posterior trajectory, c) transfrontal and 

transcerebellar catheter trajectories aimed at maximising coverage in the brain stem for indications such as Diffuse 

Intrinsic Pontine Glioma (DIPG). 

a                 

b 

c 
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One of the limitations to this study was the upper length of the step investigated. Controlled reflux is unlikely to succeed 

indefinitely and therefore further evidence of an operational limit of the device would be useful and presents an opportunity 

for further work.  

As there is inherent variability within neurodegenerative populations our investigations would discourage the use of a Ýɾɽɴ 

ʂɸʉɴ ɵɸʃʂ ɰɻɻÞ approach, and real time or post-infusion imaging would augment a treatment regime which enables the clinician 

ʃɾ ÝɳʁɸʅɴÞ ʃɷɴ ɸɼɿɻɰɽʃɴɳ ʂʈʂʃɴɼ ɱɰʂɴɳ ɾɽ ʁɴɰɻ ɵɴɴɳɱɰɲɺ. ɞɼɿɻɰɽʃɴɳ ɲɰʃɷɴʃɴʁʂ could then be optimised with initial infusion 

parameters, but fully implanted MRI compatible systems also offer the ability to maintain long term performance through 

periodic test infusions.  

5.6 Conclusions 

Prior to this experiment an agarose gel and small porcine in vivo study had shown evidence of a novel recessed step catheter 

performing well against comparison catheter designs. The embodiment of that system was limited to short step lengths 3 

mm (gel) and ~6 mm (in vivo). A subsequent first-in-man study utilised the RSC design in a significantly different way, 

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

This study demonstrated the stages of controlled reflux across a range of pre-clinical and clinically useful step lengths, 

infusion volumes and flow rates.  

This empirical evidence has highlighted new nuances in the performance of the RSC from the way in which is it assembled 

and the way in which it is infused through.  

Increasing the step length significantly increases the distribution volumes achieved, while increasing the flow rate from 0.1-

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

This empirical evidence provides useful data for the creation of a predictive model to aid surgical planning, and can 

immediately be adopted in the methods used to operate implanted devices.  

Further work is required to understand how these observations may be translated to acute and chronic infusions in the human 

diseased brain.  

Take home message 

In addition to the surgical planning guidelines outlined in section 3.6, optimisation of implanted catheters can be aided with 

the knowledge of empirical distribution patterns obtained from varying basic parameters of step length, infusion volume 

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

6.1 Motivation 

As previously highlighted, there is a symbiotic relationship between empirical evidence of device function and 

computational models. While empirical testing, both in vitro and in vivo represent real-world evidence of device function, 

variables can be quickly modified within a computational model and small changes evaluated for effects on the outcome or 

performance of a system providing cost savings in materials, time and an ethical use of resources. Computational models 

also provide insight at a magnification not feasible using standard medical diagnostic tools such as MRI, whose resolution 

is typically no better than 0.6 mm voxels.  

In order to provide valuable input data for such a computational model, it is common to create a body of data with which to 

validate the model (Chen et al., 2002; Elenes, Rausch and Rylander, 2019), which for the RSC has been accomplished in 

earlier sections (sections 3-5).  

Computational and mathematical models of porous flow are based on the principles of mass conservation and the 

transportation equations for convective and diffusive flow as outlined in section 2.2. These models require input conditions 

for the source of the fluid, which in the case of CED studies, is typically the catheter. End port, side port and porous tipped 

cannula have previously been described (Linninger et al., 2008a; Sampson et al., 2007; Raghavan and Odland, 2017) but 

the novel action of the recessed step catheter which uses the controlled reflux mechanism has not to date been modelled.  

6.2 Introduction 

The aim here is to create a finite element model representing the recessed step catheter and the unique characteristics of the 

variable step length, comparing the results to the empirical data gathered in section 5. Inspection of the model will be 

undertaken, specifically investigating the shear stress, displacements, concentration profiles and fluid flux values, to further 

inform previous empirical observations.  

6.3 Method 

6.3.1 Platform  

FEBio (www.FEBio.org Musculoskeletal research laboratories, University of Utah) is an open access finite element analysis 

(FEA) software suite. It was chosen as the software package to model distributions from the recessed step catheter as it 

contained tools for non-linear, multiphasic FEA which are useful for the large deformations present in gels and the brain 

(Forte et al., 2016; Leibinger et al., 2016). Further, the chemical reaction equations available within FEBio permit the user 

to apply a solute flux into a multiphasic (porous) substrate. Stochiometric equations for chemical species further allow 

sources of solution to be defined from bodies, enabling mapping of solvent and solute within the same model.  

6.3.2 Model units 

Consistency of units is essential for outputs to be meaningful. Unit values for this analysis were chosen as mm, seconds, 

Newtons and millimole. 

http://www.febio.org/
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Table 6-1. Standard units used in calculations/ FE analysis. 

Unit Description Type 

mm Millimetre Length 

N Newton Force 

s Seconds Time 

kg Kilogram mass 

mM Millimole Molar concentration 

6.3.3 Model construction 

Using the experimental parameters of the four step lengths evaluated in section 5, four base models were generated (Figure 

6-1). To simplify the geometry and make the infusions visible adjacent to the catheter, a 3D wedge shape was chosen, which 

also permitted boundary conditions to be applied in the three major axes (X,Y,Z). The geometry was defined as a series of 

points, lines and surfaces to create a volume which was then meshed using the open access software, GMSH (Geuzaine and 

Remacle, 2009) (available online; www.gmsh.info, accessed 1st July19). 

     

 

Figure 6-1. Models and meshes created for FE simulations of 3, 6, 12 and 18 mm stepped catheter designs. 

6.3.4 Meshing 

Mesh generation was accomplished within GMSH. Element density was varied throughout the volume by prescription of 

the mesh size at designated nodes. This allowed greater density of elements to focus on the area immediately around the 

catheter step where the infusions are applied within the model. A convergence study was used to assess mesh density. 

http://www.gmsh.info/
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Figure 6-2. 12 mm 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 considered a multiphasic material with a solid, porous matrix filled with a fluid & solute mixture. Previous 

mechanical testing and modelling of the brain has identified that it has viscoelastic properties (Forte et al., 2016). Where 

the solid matrix has been modelled for CED studies, a neo-Hookean material has been selected (Elenes, Rausch and 

Rylander, 2019). Multiphasic neo-Hookean materials require inputs for; 

- solid volume fraction 

- ɮɾʄɽɶÜʂ ɼɾɳʄɻʄʂ 

- ɥɾɸʂʂɾɽÜʂ ʁɰʃɸɾ 

- Hydraulic conductivity  

- Diffusivity (free and restricted) 

- Solubility 

6.3.5.2 ɮɾʄɽɶÜʂ ɼɾɳʄɻʄʂ 

Published ʅɰɻʄɴʂ ɾɵ ɮɾʄɽɶÜʂ ɼɾɳʄɻʄʂ ɾɵ ɘɣɨ ʃɸʂʂʄɴʂ ɰʁɴ ɴʇʃɴɽʂɸʅɴɻʈ ʁɴʅɸɴʆɴɳ ɱʈ ɨɼɸʃɷ ɰɽɳ ɝʄɼɿɷʁɴʈʂ ʆɸʃɷ ʅɰɻʄɴʂ 

ranging from 0.002-0.106 N/mm2, in several studies of non-perfused and perfused samples (Smith and Humphrey, 2007). 

ɞɽ ʃɷɴɸʁ ɾʆɽ ɴʅɰɻʄɰʃɸɾɽ ɾɵ ɽɾʁɼɰɻ ɰɽɳ ɽɴɾɿɻɰʂʃɸɲ ɱʁɰɸɽ ʃɸʂʂʄɴʂ ʃɷɴʈ ʄʂɴ ɰ ɽɾɼɸɽɰɻ ɮɾʄɽɶÜʂ ɼɾɳʄɻʄʂ ʅɰɻʄɴ ɾɵ 0.005 N/mm2. 

ɘɷɾɾʂɸɽɶ ɰ ʅɰɻʄɴ ɰʃ ʃɷɴ ɻɾʆɴʁ ɴɽɳ ɾɵ ʃɷɴ ʁɴʅɸɴʆɴɳ ʁɰɽɶɴ ɸʂ ɻɾɶɸɲɰɻ ɰʂ ɰ ɻɾʆɴʁ ɮɾʄɽɶÜʂ ɼɾɳʄɻʄʂ ʆɾʄɻɳ ɱɴ ɴʇɿɴɲʃɴɳ ɵɾʁ ɽɾɽ-

perfused tissues which become tough following fixation. These also closely match the value obtained by Budday et al (0.002 

N/mm2) by indenting white and grey matter (Budday et al., 2015). 

ɛɾʁ ʃɷɸʂ ɼɾɳɴɻ ɰ ɮɾʄɽɶÜʂ ɼɾɳʄɻʄʂ ɾɵ 0.002 N/mm2 was chosen to represent the lower end of the published values and likely 

to produce the largest strains in the material.  
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6.3.5.3 ɥɾɸʂʂɾɽÜʂ ʁɰʃɸɾ  

An unconfined compression test of fresh calf brain white matter by Cheng and Bilston (2007) identified the PɾɸʂʂɾɽÜʂ ʁɰʃɸɾ 

of brain tissue to be 0.35 (Cheng and Bilston, 2007). Separate uniaxial stress tests performed on human brain tissue samples 

within 12 ɷʁʂ ɾɵ ɳɴɰʃɷ ɸɳɴɽʃɸɵɸɴɳ ʃɷɰʃ ʃɷɴ ɥɾɸʂʂɾɽÜʂ ʁɰʃɸɾ ɾɵ ɳʁɰɸɽɴɳ ɰɽɳ ʄɽɳʁɰɸɽɴd tissue was very similar, 0.5 and 0.496 

respectively (Franceschini et al., 2006). A starting value of 0.45 was selected.  

6.3.5.4 Permeability 

Permeability, k (m2), is a physical property of a substrate incorporating factors such as the pore fraction. Hydraulic 

conductivity, K (m4/Ns) is the proportionality constant which links the permeability to a particular fluidÜʂ properties 

(viscosity (µ[m2/s]), density (ɟ) and gravity (g[m/s2])) and are linked by Equation 6-1 and Equation 6-2 (Bear, 1988). 

Equation 6-1. ╚ ▓
▌ⱬ

А
 

Equation 6-2. ○
Ⱨ

ⱬ
 

The permeability requested for biphasic materials in the FE software package (FEBio) calls for units in terms of 

Length4/Force*Time, therefore values of hydraulic conductivity will be used. Within reviewed literature it appears that 

permeability and hydraulic conductivity are often used interchangeably, therefore care has been taken to ensure that only 

hydraulic conductivity references are provided.   

Linninger et al define the hydraulic conductivity of grey matter as 1.12x10-13m4/Ns in their predictive CED model of brain 

infusions (Linninger et al., 2008b). Sarntinoranont et al, use a much lower value of 4.22x10-15m4/Ns [4.22x10-12cm4/dyne.S] 

to investigate a computational model of interstitial transport in the spinal cord (Sarntinoranont et al., 2006) which may be 

due to the tight bunching of nerve fibres in the spinal cord. Morrison et al calculated a hydraulic conductivity for grey matter 

of 1.7x10-11m4/Ns using measured values of line pressure and volumetric fluid flow rate (Morrison et al., 1994). Cheng and 

Bilston conducted a rheologic investigation of calf brains and identified experimentally that the permeability (hydraulic 

conductivity) of white matter was 4.08x10-12m4/Ns (Cheng and Bilston, 2007).  Chen et al investigated drug distribution in 

brain phantom gels and used a hydraulic conductivity value of 4.5x10-10m4/Ns (Chen et al., 2002). This correlates with their 

later publication indicating that distribution values in the agarose gel model can exceed those in the grey matter of the brain 

(Chen et al., 2004), which may account for the increased hydraulic conductivity values for agarose gel.  

Rationally, while this model should emulate the empirical data obtained through gel studies, a lower value of hydraulic 

conductivity than agarose gel, and a higher value than that used to model spinal cord fluid travel will be used to assess likely 

coverage patterns for grey matter targets. The hydraulic conductivity value for grey matter (1.12x10-13m4/Ns) used in a CED 

model by Linninger et al (2008) will be used here. 
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6.3.5.5 Diffusivity 

Free aqueous diffusivity, and hindered diffusivity values were obtained through experiment.  

- Free diffusion was assessed in beakers of deionised water with injections of dye directly onto the base beneath the 

water. Periodic images of the dye were recorded for assessment.  

- Agarose gel (0.6 %) was prepared as previously described. Clear containers were used to set the gels at depths of 

approximately 10-15 mm. Vertical puncture marks filled with trypan blue dye were observed beneath a microscope 

where time lapse images were recorded.  

Images were processed using Matlab to obtain segmented binary images. The threshold was maintained throughout the 

assessment of all repeats (n=6-9). The threshold was selected by plotting a histogram across the final image in the series 

and noting where the intensity diverges from the background. The hindered diffusion was calculated as 2.362x10-9 m2/s 

[0.002362 mm2/s] (modifications to the threshold by ±10 units[0-255] resulted in a minor change to the hindered diffusion 

rate; D=1.705x10-9 - 3.227x10-9 m2/s). Free diffusion was calculated as 9.3x10-7 m2/s [0.9298 mm2/s]. 

6.3.5.6 Porosity (and the solid volume fraction) 

Porosity (also called the pore-fraction) can be defined as the ratio of a unit volume which is occupied by fluid. This is the 

inverse of the solid volume fraction, which is the ratio of solid within a unit volume.  

The porosity is linked to permeability but while porosity values might be high for very high fluid ratios, the permeability 

may be very low if the chambers of fluid within a solid are not connected which would allow the flow of fluid under the 

influence of gravity or a pressure gradient.  

Stab wounds in the rat cortex were evaluated using iontophoresis probes (i.e. current applied between two probes with 

chemical species sampling ability) over a series of time points following injury and a pore fraction in grey matter of 0.2 was 

identified (Roitbak and Sykova, 1999). In computational models of CED investigated by Linninger et al, higher pore fraction 

values of 0.26-0.3 are used (Ivanchenko, Sindhwani and Linninger, 2010; Linninger et al., 2008b). Belova et al, highlight 

ɢɾʁʁɸʂɾɽÜʂ ɳɴɵɸɽɸʃɸɾɽ ɾɵ ɱʁɰɸɽ ʃɸʂʂʄɴ ɿɾʁɾʂɸʃʈ ranging between 0.2-0.4 and resolved to use a mean value of 0.3 in their 

mathematical description of CED (Belova, Shaffer and Trapa, 2017; Morrison et al., 1994). Here a porosity of 0.3 was used 

and a solid volume fraction of 0.7. 
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Table 6-2. Reference values for CED model.  

Symbol Description Value Units Source/ reference 

E YoungÜs modulus 0.002-0.005 N/mm2 (Budday et al., 2015; Smith and 

Humphrey, 2007) 

K Hydraulic conductivity 1.12x10-13 

(0.112) 

m4/Ns 

(mm4/Ns) 

(Linninger et al., 2008b) 

 ˒ Porosity 0.3 Unitless (Belova, Shaffer and Trapa, 

2017) 

v PoissonÜs ratio 0.45 Unitless (Smith and Humphrey, 2007) 

Q Volumetric flow rate 0.022, 0.083, 0.167 

(1.33, 5, 10) 

mm3/s (µl/min) (Lewis et al., 2018) 

Vi Infusion volume 400 mm3 (Lewis et al., 2018) 

6.3.5.7 Solute and fluid flux 

The value of the fluid flux is defined as the volumetric flow rate per unit area over which the input fluid is applied. In the 

context of the controlled reflux action exhibited by the RSC, the value of the flux will drop as the step length increases, as 

there is a larger region over which the input fluid is applied (Table 6-2).  

Table 6-3. Flux (flow per unit area) values for the four catheter step length models. 

Symbol Description Step Length (mm) 

3 6 12 18 

AEF Area of catheter end face(mm2) 0.283 0.283 0.283 0.283 

ASL Area along step length (mm2) 5.65 11.31 22.62 33.93 

AT Total area of face of applied flux (=AEF+ASL) 5.933 11.593 22.903 34.213 

Flux  Fluid Flux(=Q/AT)mm/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 

FEBio contains stochiometric functions for the generation and interaction of chemical species/ solutes (ʀ) which are free 

(ɻЀʅ) and solid bound (ɻЀʎ). Calculations of reactants (R) and products (P) are governed by equations of mass/ chemical 

conversation (Equation 6-3). Materials can therefore be assigned as a source which will produce solutes at a molar 

production rate (according to local model units). Where ʉ represents the stochiometric coefficient of product/ reactant of 

the chemical species (‐). 

 

Equation 6-3 В ○╡
♪

♪ Ⱡ♪ᴼВ ○╟
♪

♪ Ⱡ♪ 

It was assumed that the concentration of the solute (trypan blue; 860 g/mole; 4 %by volume) within the solid matrix will be 

zero at the start of the analysis, therefore there are no reactants to consider, only the concentration of the applied solute flux. 

Table 6-4. Specific forward reaction rate of step length models (mM/s1.mm2). 

Flow rate 

(ml/hr) 

Step Length (mm) 

3 6 12 18 

0.1 0.0218 0.0111 0.0056 0.0038 

0.3 0.0653 0.0334 0.0169 0.0113 

0.6 0.1306 0.0669 0.0338 0.0227 

Model steps were set to 1s, with a maximum of 1000 increments permissible in a single step. The total number of steps was 

a function of the maximum flow rate and infusion volume (Table 6-4). 

Table 6-5. Model run time as a function of peak infusion flow rate and volume infused (t=Vi/Q). 

Volumetric flow rate, Q 

(ml/hr) 

Infusion volume, Vi (µl) Infusion time, t (s) 

0.1 400 18,000 

0.3 400 4,800 

0.6 400 2,400 

6.3.6 Global model data 

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

Units of the model are mM therefore R=8.314x10-6J/mM.K 

Absolute temperature (K): 298K (~25oC) Ù ambient 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 possible and also define the free 

draining face for the fluid within the biphasic material to emulate CSF loss in vivo. 

     

Figure 6-3. Boundary conditions. 

6.3.8 Boundary loads (chemical production from a material source)  

The application of the liquid solution was applied through the inclusion of a solid material within the model intrinsically 

linked to the surrounding material. The base material was defined as porous biphasic with no concentration of the solute, 

while the catheter was defined as a chemical source which provided influx of the solution at a fixed rate (Figure 6-4, Table 

6-4), but which varies between models under investigation. 

    

Figure 6-4. Location of applied boundary loads. 
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6.4 Results 

6.4.1 Convergence study 

A convergence study was performed, refining the mesh, increasing the number of elements, preferentially around the 

catheter step length. Four variables were reviewed for convergence of the peak values in the model; shear stress, 

displacement, concentration and fluid flux (Figure 6-5).  

 

Figure 6-5. Convergence study output: a) Max shear stress, b) max displacement, c) max concentration, d) max fluid 

flux. 

 

Figure 6-6. Representative example of a single radial plane with all nodes selected for extraction and comparison of 

nodal information (e.g. displacement, maximum shear stress, etc). 
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6.4.2 Displacement  

 

 

 

 

Figure 6-7. Nodal displacement values within the porous substrate emanating radially from the catheter track at 

31ʂɴɲɾɽɳʂ ɸɽʃɾ ɰɽ ɸɽɵʄʂɸɾɽ AÛ.Ü=ʃ(31ʂ)C, ɰɽɳ ɰʃ ɸɽɵʄʂɸɾɽ ɲɾɼɿɻɴʃɸɾɽ AÛ+Ü=ʃɼɰʇ(ɦ0.1/ʃ18,000, ɦ0.3/ʃ4,800, ɦ0.6/ʃ2,400)C. 

ET=error termination, analysis failed to converge. 
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