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Abstract 

Advances in neuroimaging, particularly magnetic resonance imaging 

(MRI), have been fundamental to achieving improvements in clinical 

outcomes from deep brain stimulation (DBS). These improvements 

are essentially an increase in the reliability of the procedure as a 

result of improved accuracy in targeting a neuroanatomic structure 

of interest. However, many DBS procedures still result in highly 

variable outcomes between patients, raising the possibility that 

targeting remains suboptimal in these cases. These procedures may 

benefit from advanced forms of MRI that can extract unutilised 

anatomic features for a more individualised approach. Diffusion MRI 

tractography is a prime candidate for this but has to date mostly 

been applied to low outcome-variance procedures or with normative 

data which belies any project of individualisation. This thesis 

examines three cases of high outcome-variance DBS procedures and 

interprets them with patient-specific structural connectomes. DBS of 

the pedunculopontine nucleus in Parkinson’s patients with severe gait 

freezing was interpretable by stimulation-associated connectivity to 

primary motor cortex (M1), cerebellum, and caudal primary 



somatosensory cortex. This suggests connectivity maps of the 

ventrolateral pontine tegmentum could be useful as an adjunct to 

targeting. DBS of the ventrocaudal nucleus of thalamus (Vc) in 

patients with chronic neuropathic pain was interpretable through a 

homuncular framework superimposed on an individualised 

connectivity-based parcellation (CBP) of the thalamus aimed at 

segmenting the Vc. This suggests that CBP may have utility in 

targeting electrodes to Vc instead of relying on atlas coordinates. 

Lastly, DBS of the internal pallidum (GPi) for patients with cervical 

dystonia was interpretable through stimulation associated 

connectivity to the putamen, specifically the region of putamen 

characterised by dense input from M1. This was shown to be 

uncoupled from electrode coordinates, and therefore points to GPi 

connectivity maps as a promising tool with which to personalise the 

procedure. 

Retrospective data indicates diffusion MRI has promise to improve 

outcomes in DBS and underscores merit in the future pursuit of 

prospective work in this field. 

  



I would like to give thanks to several important individuals who have been instrumental in my 

academic development, arriving at Oxford, and ultimately completing this thesis. 

My father, Bharat Raghu, has supported me to get started at each university I have attended. He 

has been an unfaltering advocate of my academic adventuring, to whom I owe much. 

Scotland 

David Cole-Hamilton for his mentorship at St Andrews 

Mark Hughes and Patrick Statham for their mentorship at Edinburgh 

Oxford 

Alex Green for inviting me to Oxford, having an insatiable sense of humour, and being an 

absolutely first-class primary supervisor - and now dear friend 

Tipu Aziz for his supervision of my DPhil – a legendary character and giant of the field – it was an 

honour to work with him at the start of my career in neurosurgery 

Stephen Payne for his supervision of my DPhil - perhaps we will revisit cerebral blood flow 

together one day 

Friends 

I thank Anna-Katherina Hauperich and Eamonn Molloy for their unshakeable camaraderie during 

my junior deanship at Pembroke. In what was a difficult year, they were the best colleagues and 

friends one could ever ask for. 

Among my greatest thanks go to Julien Du Vergier. After meeting only a few weeks into Michaelmas 

2018 on the squash court, our friendship quickly migrated to premises that sold beer and wine. Our 

friendship went from strength-to-strength for the duration of our doctorates. In many ways, this is a 

journey, a mission, a struggle we have succeeded together. 

I suspect meeting Tessa Cullen during the third year of my DPhil will turn out to be one of the most 

formative serendipities in my life. She is exquisite and robust, and already proved a great partner in 

life. I owe her great thanks for the tedium of proofreading this thesis, and for her very many 

corrections of it. 



CONTENTS 

Chapter 1: Neurosurgical Neuroimaging and Stereotaxis 

1.1 Introduction          2 

1.2 Diffusion-Weighted Magnetic Resonance Imaging     3 

1.2.1. Nuclear magnetic resonance      3 

1.2.2. Magnetic resonance imaging      4 

1.2.3. Diffusion-weighted imaging      5 

1.2.4. Diffusion tensor imaging      6 

1.2.5. Advanced diffusion imaging      8 

1.2.6. Practical considerations      9 

1.2.6.1 Image distortions       9 

1.2.6.2 Angular resolution       10 

1.3 Neuroimaging in Stereotactic Neurosurgery      11 

1.3.1 Spatial coordinates       15 

1.3.2 Tractography        18 

1.3.2.1 Anatomical schema as surgical targets    19  

1.3.2.2 Pairing tractography to clinical effects    20 

1.3.2.3 Localisation: from coordinates to connectivity contrast  21 

1.3.2.4 White versus grey matter      22 

1.3.2.5 State of the surgical field      23  

1.3.2.6 Methodology       24   

1.3.2.7 Normative versus individualised connectomes   26 

1.3.2.8 Toward a diffusion MRI personalisation of stereotaxis  28 

1.3.3 BOLD-MRI and other advanced neuroimaging   29 

1.3.4 Concluding remarks       32 



CONTENTS 

Chapter 2: Parkinsonian Gait Freezing and Imbalance 

2.1 Parkinson’s disease and gait freezing       47 

2.1.1 Parkinson’s disease pathophysiology     47 

2.1.2 Gait freezing and postural instability     48 

2.2 Deep brain stimulation targeted to the pedunculopontine nucleus   50 

2.3 Surgical anatomy of the ventrolateral pontine tegmentum    57 

2.4 Neuroimaging of the pedunculopontine nucleus     59 

2.5 Experimental work with patient-specific structural connectomes   61 

2.5.1 Methods        61 

2.5.1.1 Patients and deep brain stimulation    61 

2.5.1.2 Questionnaires       62 

2.5.1.3 Diffusion imaging acquisition and pre-processing   62 

2.5.1.4 Tractography and statistics      63 

2.5.1.5 Termination masks       63 

2.5.1.6 Cathode and volume of activated tissue    64 

2.5.1.7 PPN region        64 

2.5.1.8 Electrode locations       65 

2.5.1.9 Cortical thickness       65 

2.5.2 Results         65 

2.5.2.1 Tractography       67 

2.5.2.2 Cortical thickness       68 

2.5.2.3 Electrode locations       69 

2.5.3 Discussion        69 

2.5.3.1 Electrode positions and targeting     69 



CONTENTS 

2.5.3.2 Tractography       71 

2.5.3.3 Targeting and tractography      75 

2.5.3.4 Cortical thickness       76 

2.5.3.5 Limitations        77 

2.6 Concluding remarks         81 

 

Chapter 3: Chronic Neuropathic Pain 

3.1 Anatomical substrates of pain       94 

3.2 The thalamus as a putative surgical target for the treatment of chronic pain 100 

3.3 Historical review of stereotactic approaches to treat chronic pain   101 

3.3.1. Brainstem        101 

3.3.1.1. Parabrachial complex      101 

3.3.1.2. Mesencephalic tracts      102 

3.3.1.3. Periaqueductal grey       102 

3.3.2. Diencephalon        105 

3.3.2.1. Hypophysis        105 

3.3.2.2. Medial lemniscus       106 

3.3.2.3. Intralaminar thalamus      106 

3.3.2.4. Lateral thalamus       109 

3.3.2.5. Pulvinar        111 

3.3.3. Internal capsule and cortex      112 

3.3.3.1. Posterior limb of internal capsule     112 

3.3.3.2. Anterior limb of internal capsule     113 

3.3.3.3. Dorsal anterior cingulate      114 



CONTENTS 

3.3.3.4. Dorsal posterior insula      116 

3.3.4. Summarising remarks       116 

3.4 Neuroimaging of the thalamus       119 

3.5 Experimental work with patient-specific structural connectomes   120 

3.5.1. Methods        122 

3.5.1.1 Patients        122 

3.5.1.2 Surgical technique       122 

3.5.1.3 Clinical outcomes       123 

3.5.1.4 Diffusion imaging acquisition and pre-processing   124 

3.5.1.5 Seed and termination masks     124 

3.5.1.6 Tractography and parcellation     125 

3.5.1.7 Implanted electrode array      125 

3.5.1.8 Array – primary somatosensory cortex parcel location analysis 125 

3.5.1.9 Stereotactic coordinates      126 

3.5.2. Results         126 

3.5.2.1 Clinical outcomes       126 

3.5.2.2 Array placement in S1 parcel     127 

3.5.2.3 Array placement anterior and posterior to S1 parcel  127 

3.5.2.4 Medial-lateral quantification     129 

3.5.3. Discussion        129 

3.5.4.1. Key findings        129 

3.5.4.2. Connectivity-based parcellation     130 

3.5.4.3. Individualised targeting      130 

3.5.4.4. Regional analysis – arm, leg, face, and trunk   132 



CONTENTS 

3.5.4. Limitations        134 

3.5.5.1. Generalisability       136 

3.6 Conclusions          136 

 

Chapter 4: Cervical Dystonia 

4.1 Neuroanatomy         155 

4.1.1 Primary somatosensory cortex and somatosensory thalamus 156 

4.1.2 Putamen        157 

4.1.3 Pedunculopontine nucleus      159 

4.1.4 Primary motor and premotor cortex     159 

4.1.5 Cortico-basal ganglia anatomic pathways    161 

4.1.6 Cerebellum        162 

4.2 Stereotactic surgery         163 

4.2.1 History and clinical evidence base     163 

4.2.2 Mechanisms of high frequency deep brain stimulation  166 

4.2.2.1. The role of the globus pallidus interna    166  

4.2.2.2. The role of the subthalamic nucleus    172 

4.2.2.3. The role of the ventral oralis nuclei     172 

4.3  Neuroimaging of the pallidum       173 

4.3.1 Structural neuroimaging      173 

4.3.2 Diffusion neuroimaging      176 

4.4 Experimental work with patient-specific structural connectomes   181 

4.4.1 Methods        182 

4.2.2.1. Patients        182 



CONTENTS 

4.2.2.2. Clinical rating        183 

4.2.2.3. Diffusion imaging acquisition and pre-processing   183 

4.2.2.4. Deep brain stimulation      184 

4.2.2.5. Termination masks       184 

4.2.2.6. Tractography and parcellation     185 

4.2.2.7. Statistical analysis       185 

4.2.2.8. Coordinate-connectivity relationship     186 

4.4.2 Results         187 

4.4.2.1. Patient demographics      187 

4.4.2.2. DBS connectivity with motor-putamen predicts outcomes 187 

4.4.2.3. Connectivity and coordinates are not equivalent   188 

4.4.3 Discussion        188 

4.4.4 Limitations        192 

4.4.4.1. Clinical scores       192 

4.4.4.2. Diffusion data       193 

4.4.4.3. Diffusion tractography      194 

4.4.4.4. Tractography stimulation seed     195 

4.4.5 Future work        196 

4.5 Conclusions          199 

 



 

 

 

 

 

 

 

 

 

 

I addicted myself to the opening of heads. 

 

~ 

 

Thomas Willis 



 1 

CHAPTER 1: NEUROSURGICAL NEUROIMAGING AND STEREOTAXIS

 
ABSTRACT 

Magnetic resonance imaging (MRI) is a versatile cross-sectional technique that can 

identify a large range of anatomic and chemically characteristic features of the brain, 

including the diffusion of water. This has commended it to broad and varied applications for 

advancing neurosurgical care, especially stereotaxis. The basis of diffusion-weighted MRI and 

methods for both interpretation and utilisation are discussed. Practical considerations of 

acquiring and processing diffusion MRI are reviewed, in the context of acquiring meaning 

structural connectivity estimates.  

The technical considerations of stereotactic neurosurgery are presented, highlighting 

the combination of stereotactic frame and cranial imaging to target neuroanatomical 

structures. The project is animated by a ‘will to the specific’, refining or discarding general 

anatomic frameworks with progress in imaging. MRI has been crucial to this.  

Despite the successes of deep brain stimulation (DBS), targeting remains somewhat 

crude, and for many indications, clinical outcomes are highly variable. Imaging has facilitated 

retrospective refinement of the optimal coordinates for procedures. However, this usually 

relies on generic anatomy and often leaves much variance in outcomes unexplained. Diffusion 

MRI tractography is a credible technique for revealing additional patient-specific anatomy 

with potential utility for increasing individualisation of targeting.  

This thesis explores an interpretation of DBS using diffusion MRI. The case is made that 

structural connectivity estimates reveal anatomical information that explains variance in 

surgical success, thereby highlighting the potential of imaging to further advance 

neurosurgical treatment.
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1.1 INTRODUCTION 

 

The evolution of neurosurgery has been strongly coupled with developments in 

neuroimaging. Now an indispensable tool to the neurosurgeon, neuroimaging, in hand with 

advancements in instrumentation, has revealed a broad landscape of meaningful 

neurosurgical practice that was otherwise hidden in the ‘black box’ of the calvarium. Likewise, 

knowledge and understanding of neurosurgical disease has been propelled by neuroimaging, 

which has had a direct pipeline back into improving practice and surgical care. Now, 

neuroimaging is essential to localisation, diagnosis, monitoring, planning, operative guidance, 

follow-up, and surveillance of neurosurgical disease. Before the application of radiation 

physics to imaging the nervous system, the neurosurgeon was limited to visual inspection of 

the head, clinical neurological examination, and clinicopathological knowledge to guide high-

risk surgeries - correspondingly with a high degree of anatomic uncertainty. Neuroimaging 

has transformed the balance of risk and benefit in neurosurgery, making procedures viable 

that otherwise would not have been conceived or attempted.  

 

Leveraging nuclear magnetic resonance (NMR) for brain imaging has proved to be an 

extraordinarily versatile enterprise, giving rise to a smorgasbord of imaging techniques that 

continue to grow in range and quality. While X-ray computed tomography (CT), the first cross-

sectional imaging technique, had an enormous impact on neurosurgery, a key limitation was 

tissue differentiation. This meant that localisation was advanced more by CT than diagnosis 

was. With CT, tissue contrast is determined by the X-ray cross-section of fluid/tissue types, 

offering little opportunity for manipulation to probe different properties of normal and 

pathological tissue types. As such, the technique is fundamentally inflexible/non-dynamic. 
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Unlike with CT, with techniques based on magnetic properties there is not one, but many 

ways for generating spatial contrast representative of the underlying biology. Indeed, there 

are as many as the ingenuity and creativity of physicists can conceive. Using these methods, 

nuanced questions about anatomy and physiology can be addressed non-invasively, to 

advance understanding of neurosurgical disease.  

 

1.2 DIFFUSION-WEIGHTED MAGNETIC RESONANCE IMAGING 

1.2.1 Nuclear magnetic resonance  

The phenomenon of NMR was first discovered by Rabi in 1938,1 and developed into 

condensed-phase spectroscopy by Bloch and Purcell in 1946.2,3 This attracted two Nobel 

prizes in physics to the aforementioned American laureates. NMR spectroscopy was 

subsequently used for decades to reveal molecular structure before the phenomenon was 

leveraged for neuroimaging. The technique allows for the probing of nuclear species with 

spin: those with an uneven number of nucleons (protons and neutrons), most commonly 1H, 

13C, 31P. This depends on the phenomenon of the Zeeman effect,4 where the energy 

degeneracy of nuclear spin states is lifted in the presence of a magnetic field. This permits 

NMR to occur, where excited states are stimulated by energy-matched photons and then 

return to thermodynamic equilibrium by generating photons (at the resonance frequency) on 

relaxation to the lower energy spin state. As the resonance frequency of any nucleus depends 

on its chemical environment, and the relative multiplicity of a nucleus within a given 

environment is conveyed in the signal magnitude, molecular structures can be deduced from 

spectrographic patterns.  
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The overwhelming majority of protons in the human body are in essentially the same intra-

molecular chemical environment: H2O - water. This is the species that is probed in almost all 

clinical magnetic resonance imaging (MRI) studies. Unlike in laboratory spectroscopy, with 

carefully prepared condensed-phase samples, water protons in the body are in a range of 

different inter-molecular environments. These depend on the locality of proteins, fats, 

metals, all with a range of magnetic properties, and which are distributed across the brain 

depending on tissue type and ongoing physiological and pathological processes. This 

heterogeneity is conveyed in the resonance signal.  

 

1.2.2 Magnetic resonance imaging 

Carr generated the first one-dimensional 1H NMR image at Harvard in 1952.5 Twenty years 

later in the USA, Damadian introduced the possibility for using 1H NMR spin-lattice and spin-

spin relaxation times for distinguishing biological tissues,6 and Lauterbur generated two- and 

three-dimensional images using 1H NMR with magnetic field gradients for spatial localisation.7 

Mansfield, a British mathematician, subsequently developed the mathematics to both 

dramatically reduce the time for image acquisition and increase image quality. The first 

human MRI (originally called either NMR zeugmatography or NMR tomography) was 

performed by FONAR in the US in 1977.8 The Nobel prize for medicine was shared between 

Lauterbur and Mansfield in 2003. 

 

Unlike X-ray tomography, tomography based on NMR involves a highly dynamic 

phenomenon, offering a system open to wide ranging manipulation. This, as well as the 

technique not involving ionising radiation, gave it the potential to acquire information on 

neurosurgical biology that CT never could. MR quickly entered neurosurgery shortly after CT, 
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providing a cross-sectional imaging technique that would completely change the way 

neurosurgery was practiced in centres wealthy enough to purchase and maintain the 

equipment. Crucially, the versatility of NMR gave rise to different techniques for acquiring 

scans, offering a range of tissue contrasts. By conveying different information, the findings of 

different scans could be combined, thereby increasing the clinical power of the tool to refine 

differential diagnoses and understand ongoing biology in the brain. Epidemiology, location, 

morphology, and intensity patterns, all across multiple scan types became a powerful non-

invasive diagnostic tool. Due to practical simplicities in imaging the brain (e.g., minimal 

motion) and global research interest in neurosciences, brain MRI has benefitted from being 

the space of innovation for many of these techniques. Advanced techniques can now probe 

chemical characteristics such as pH and neurotransmitters as well as processes such as blood 

flow and diffusion.  

 

1.2.3 Diffusion-weighted imaging 

The technique to generate images where voxels quantify water diffusion was first described 

in 1985 by Le Bihan and Breton.9 Diffusion weighting is achieved using a spin echo sequence 

(90° excitation pulse with a 180° rephasing pulse; long TE, TR) combined with two strong field 

gradients applied before image acquisition, either side of the rephasing pulse. These large 

gradients force water molecules to experience different magnetic fields as a function of 

space, which is expressed in their degree of transverse dephasing. Following the rephasing 

pulse, the same gradient is applied but in the opposite direction. As such, signal loss at 

acquisition can be attributed to water proton movement in space, i.e., diffusion over the 

sequence time. As diffusion over a fixed time is three-dimensional, quantifying this process 

requires measurement of this signal loss in three planes. For simple diffusion-weighted 
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imaging (DWI), these three diffusion weighted images are acquired along with a normal T2-

weighted image. The three diffusion volumes are averaged to create the (isotropic) DWI, from 

which the T2-weighted image is subtracted to generate the apparent diffusion coefficient 

(ADC) image: a map of diffusion coefficients (i.e., how much diffusion is taking place in each 

voxel).10  

 

Due to how water diffusion relates to pathology, DWI/ADC scans have become tools of high 

utility in neurosurgery. Ischaemia results in restricted diffusion, with scans reporting 

abnormalities within minutes. Epidermoid tumours and arachnoid cysts are very difficult to 

differentiate by T1 or T2 image contrast, however DWI/ADC easily reveals their respective 

solid and liquid constituents. Cerebral abscesses and other pyogenic processes also have a 

characteristic appearance due their liquid, yet viscous, constituents. The technique also has 

substantial use in characterisation of a wide range of neuro-oncological disease,11 probably 

due mostly to the relationship between diffusion and hypercellularity.12,13 Most notably, it 

has proved useful in differentiating paediatric posterior fossa tumours,14 pineal tumours,15 

and primary CNS lymphoma from malignant gliomas.16,17  

 

1.2.4 Diffusion tensor imaging 

Diffusion tensor imaging (DTI) is an extension of DWI, first proposed in 1994,18,19 where an 

ellipsoid tensor (3x3 matrix) is fitted to each voxel to model its diffusion properties. A key 

result of this is that fractional anisotropy and principal diffusion direction maps can be 

reconstructed. Accompanied with the knowledge that diffusion in axonal bundles of white 

matter is highly directional/anisotropic, this data can be processed to construct whole brain 

maps of white matter tracts: tractography.20 Approaches to tracking through the diffusion 
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parameter field are multiple but are fundamentally either probabilistic21,22 or deterministic.23 

The benefits and weaknesses of these vary, commending them to different applications.24,25 

While DTI shows enormous clinical promise, it is still undergoing technical and clinical 

development to improve anatomic fidelity and establish therapeutic utility (i.e. improving 

clinical outcomes or reducing adverse effects). Nonetheless, it is used routinely by many 

neurosurgeons in operative planning and navigation, and will likely continue to be used as a 

matter of surgical preference.26  

 

The potential uses are wide ranging. Understanding the relationship of the tumour with key 

motor and language tracts has appeal for maximising tumour resection and minimising post-

operative deficit. With this aim, DTI has been used for glioma resection and showed signs of 

clinical value.27–30 Anterior temporal lobectomy for refractory epilepsy is frequently 

complicated by superior quadrantic visual field defects due to violation of Meyer’s loop of the 

optic radiation. Numerous studies have examined the possible use of DTI in the preservation 

of this structure and have indicated its use could prevent optic morbidity.31–33 The upper 

cranial nerves are visualisable by DTI tractography.34 Localisation of the facial nerve during 

surgery for acoustic schwannoma is a key and often challenging step, crucial for its 

preservation and minimising associated surgical morbidity. DTI tractography appears to 

reliably identify its location and as such can assist in expediently detecting the facial nerve in 

the surgical field.35–37 Stereotactic neurosurgery also has the potential to benefit from 

tractography. For example, in targeting structures for stimulation in movement disorders,38–

40 major depression,41,42 and the treatment of arteriovenous malformations (AVM) with 

stereotactic radiosurgery (SRS).43 The radiosurgical dosimetric topography can be moulded to 

avoid identified tracts and appears to result in low morbidity rates. Furthermore, 
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tractography can be interpreted as a measure of structural connectivity between regions. 

These tractography-derived structural connectivity estimates are a potentially useful tool to 

non-invasively understand the human brain, within a network conceptual framework.   

 

1.2.5 Advanced diffusion imaging 

The limitations of DTI are important to recognise and provide a motivation to progress beyond 

it.44 A key limitation is the modelling of a single fibre bundle at each voxel, which results from 

the Gaussian diffusion model assumption and is a major anatomical simplification. However, 

multi-fibre DTI approaches based on compartment models are now available, such as multi-

Gaussian tensor modelling and ball-and-stick modelling.45,46 There are also quasi-model-

based multi-fibre methods such as diffusion kurtosis imaging (DKI)47,48 and reconstructing the 

diffusion orientation distribution function (ODF) by spherical deconvolution49,50 from high 

angular resolution diffusion imaging (HARDI)51. In addition, there are model-free approaches 

to estimating the diffusion profile such as Q-ball imaging (QBI)52,53 and Q-space imaging (QSI), 

also often called diffusion spectrum imaging (DSI).54 In principle these methods are capable 

of constructing a more anatomically realistic representation by accounting for complex intra-

voxel diffusion structure. The benefits of multi-fibre tractography relate to modelling of 

crossing fibres and increasing sensitivity for detecting non-dominant fibre populations, 

resulting in constructing more anatomically accurate tracts.45 However, modelling fanning 

fibres is highly challenging,55 and distinguishing crossing and kissing fibres remains an unmet 

challenge.  

 

New techniques in diffusion MRI are being developed and refined. These include free water 

elimination,56 NODDI,57 multidimensional diffusion MRI,58 and diffusion-weighted 
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spectroscopy,59 all of which provide more information on tissue microstructure and may 

ultimately result in improved tractography and other clinical applications. This is a fertile area 

for clinicians to be aware of and leverage for the correct clinical questions. 

 

1.2.6 Practical considerations 

1.2.6.1 Image Distortions 

Diffusion imaging is typically performed with echo planar imaging (EPI), where k-space is 

sampled across a single shot. This is key for minimising the impact of motion on the acquired 

diffusion signal. A consequence of this is that the images are substantively distorted by b0 

inhomogeneities, often called susceptibility-induced distortions. The distortions are 

dependent on the phase-encoding direction and are greatest at the basal frontal lobe and 

medial temporal lobe, although present throughout the brain. These distortions are of a scale 

that, if not corrected for, undermine any utility of the images in being helpful for stereotactic 

analysis. Robust correction of the diffusion-weighted images is achieved by applying the 

susceptibility-induced off resonance field map, which amounts to a scaled voxel-displacement 

map. This can be acquired either by direct measurement or calculated from at least two b0 

images (i.e. T2-weighted images) which have been affected differently by the field.60 The 

latter performs better61 and usually involves one or more pairs of T2-EPI acquired with 

opposite phase encoding direction (e.g. anterior-posterior and posterior-anterior). The large 

magnetic gradients, which are essential for diffusion MRI, also give rise to an important image 

distortion through the generation of eddy currents. As these large magnetic field gradients 

are switched on and off, electric current is generated in the brain, which itself has an 

orthogonal magnetic field that distorts the diffusion signal. As such, eddy current distortions 

are much larger when higher gradients (e.g. b < 2000 s/mm2) are used. Currently, the most 
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sophisticated method corrects for these by a Gaussian process which makes predictions of 

the eddy current-induced field from all diffusion-weighted images (and gradient directions) 

in an iterative manner.62,63 Distortions from high gradients are more difficult to correct, but 

the correction benefits from multi-shell acquisition and denser sampling at the higher 

gradient (e.g. 32 directions at b = 1000 s/mm2, 64 directions at b = 2000 s/mm2).63 If diffusion 

MRI is to be used to guide or interpret stereotactic surgeries, it must offer a similar scale of 

precision to what is considered important in these surgeries. As such, distortion correction 

must be performed robustly, or the research is not tenable.  

 

1.2.6.2 Angular Resolution 

The utility of tractography in neurosurgery will rely on its fidelity to the underlying anatomy. 

Intravoxel multifibre reconstruction requires dense sampling of the angular dependency of 

the diffusion-weighted signal, regardless of the method used (e.g multi-tensor or spherical 

deconvolution etc.). The original publication describing the use of HARDI in this way analysed 

3T data with a gradient strength of b = 1077 s/mm2 obtained from 126 directions and used a 

multi-Gaussian modelling approach.51 While there is no strict limit, the approximate lowest 

parameters for HARDI can be considered a b-value of 1000-1500 s/mm2 and 60 directions.64 

However, at present, a higher number of directions (e.g. 100) at two shells (e.g. 1000 and 

2000 s/mm2), in a 3T scanner would probably be more representative of HARDI data in the 

clinical research setting. A good such example in 2017 includes ball-and-stick modelling for 

tractography of hyperdirect tracts between cortex and the subthalamic nucleus (STN) in 

stereotactic surgery (3T, b = 1500 s/mm2, 128 directions) with parameters well-suited for 

multifibre modelling.65 Conversely, the example in 2016 of q-ball reconstruction and 
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tractography of major tracts in presurgical planning for tumour resection (3T, 55 directions, b 

= 2000 s/mm2)29 is technically adequate,66 yet more tenuous.67  

 

Large heterogeneity in tract reconstruction between methods is problematic, and although 

fibre bundle sensitivity can by high, false-positives bundles are common and often 

extensive.68 Importantly, while HARDI data increases sensitivity for detecting non-dominant 

tracts, this appears to come at the cost of increased false positive tracts.68 In summary, results 

must be interpreted within this context when applied clinically, and this represents a 

challenge for validation in any particular use. Parameters such as signal-to-noise ratio and 

angular resolution of the data should always be considered with respect to their 

appropriateness for the tractography intended to be performed. Practically, it must also be 

recognised that while high-field MRI is increasingly common in clinical settings, the high 

number of diffusion directions that must be acquired for HARDI is time consuming and 

therefore more expensive and less practical. Higher b-values generate data with lower signal-

to-noise than lower b-values, but with improved angular contrast. As such, combining data 

from a low and high b-value shell is obviously complementary for estimation of fibre 

orientations, and results in improved detection of crossing fibres.69  

 

1.3 NEUROIMAGING IN STEREOTACTIC NEUROSURGERY 

 

Stereotactic neurosurgery began without the use of neuroimaging in 1908 London, when 

Horsley and Clarke developed an orthogonal frame that utilised a cartesian coordinate 

system, with the purpose of studying cerebellar function in monkeys.70 In 1933, Kirschner 

performed the first stereotactic surgery in humans, ablating the trigeminal ganglion via the 



 12 

foramen ovale, assisted by plain radiographs.71,72 Although a landmark accomplishment, 

more influential was work by numerous surgeons and engineers in Europe, North America 

and Japan who both developed their own frames and leveraged the principles of using 

detailed mapping of human neuroanatomy (i.e. an atlas) and radiographic intra-cerebral 

landmarks to target a structure with stereotaxis. Among these pioneers, Leksell developed a 

frame operating on a polar coordinate system (arc-quadrant), which would over time survive 

as the preferred approach to stereotaxis.73 Armed with contrast radiographs 

(pneumoencephalography), Spiegel and Wycis used the ventricular system, namely the 

foramina of Monro and calcification of the pineal gland, as landmarks. In 1947 they published 

the first thalamotomy, not for a movement disorder, but for psychiatric disease, as an 

alternative to the more aggressive lobotomy of the time.74 Using contrast radiographs (iodo-

ventriculography), the third ventricle could be well visualised, allowing tissue forming the 

ventricular walls to be inferred.75 Talairach developed a system of anatomical cartography 

grounded on midline white matter structures at the anterior and posterior walls of the third 

ventricle: the anterior and posterior commissures (AC and PC).76,77 As many subcortical 

structures have reasonably consistent anatomical relationships relative to the 

intercommissural line and the midsagittal plane, by applying proportional distances to 

individual brains, this atlas-based system would over time show to be a reasonably reliable 

system for stereotactic targeting of the diencephalon and other subcortical structures. 

Following the introduction of CT, Brown developed the N-localizer, three of which 

incorporated into a stereotactic frame produced three fiducials (radiographic points of 

reference) in each cross-sectional image.78 This allowed the CT images to be registered to the 

stereotactic frame and frame targeting parameters to be calculated based on a location in a 

CT image. This was deployed in the Brown-Robert-Wells apparatus,79 which significantly 
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advanced the principle of targeting deep brain structures using a stereotactic atlas grounded 

in Talairach coordinates. Cross-sectional imaging was also crucial to advancing stereotactic 

treatment of lesions throughout the brain (e.g. AVMs and tumours) by radiosurgery.80   

 

These same principles were inherited by the age of MRI and were integrated into MRI 

scanning in the same way. As the resolution, contrast, and range of MRI sequences improved, 

this enabled a new paradigm of stereotactic targeting: simply visualising the target 

(sometimes termed ‘direct targeting’). This became sufficient to visualise targets such as the 

STN,81 while leaving others such as sub-nuclei of the thalamus invisible and reliant on 

traditional atlas-based methods. Subsequently, targeting of the STN has improved with a shift 

from T2-weighted images to fluid-attenuated inversion recovery (FLAIR) images.82 Currently, 

high-field susceptibility-weighted imaging (SWI)83,84 and inversion recovery sequences that 

null white matter (WAIR and FGATIR)85–87 or both white matter and cerebrospinal fluid 

(MP2RAGE)88 can cleanly extract the GPi and have made some progress in extracting the 

subnuclei of thalamus. The most recent innovation in imaging-guided stereotaxis has been 

the development of the ClearPoint system by Larson and Starr in San Francisco.89 They 

devised an MRI-compatible frame-like system that allows for targeting coordinates to be 

calculated after the puncture of dura (i.e. on the open brain) thereby avoiding targeting 

inaccuracies due to brain-shift following egress of cerebrospinal fluid. In brief, this is achieved 

with a skull-mounted plastic stereotactic delivery system with gadolinium fiducials.   

 

Shortly after the integration of CT and stereotaxis, frameless stereotaxy was invented by 

Roberts.90 This technology would be developed, applied to MRI then re-invented, and as 

neuroimaging manipulation developed, harmonised with multimodal pre-operative and intra-
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operative cross-sectional imaging, usually called neuronavigation.91 Modern neuronavigation 

apparatus are highly sophisticated, versatile, easy-to-use systems, applicable to general 

neurosurgery. A typical setup may include a probe that is registered by touch to surface 

landmarks, such as the nasion, mastoid process, and occipital protuberance, and then co-

registered to pre-operative MRI. The probe tip can then be located on the MRI during surgery. 

Although broadly considered a lower-fidelity process and not preferable for strictly 

stereotactic procedures, this technique has been of enormous use for anatomical orientation 

in general neurosurgery and tumour neurosurgery. In fact, its use is so pervasive in the 

breadth of neurosurgical procedures, it could be considered the most influential legacy of 

stereotaxis, validating the pioneering men’s insights that improving anatomical localisation 

via mathematical and engineering approaches were the future of improving neurosurgical 

care. 

 

The provenance of imaging applications in neurosurgery marks the link between 

developments in neuroimaging and developments in neurosurgery. The former has shaped 

and driven the latter. It defines the landscape in which neurosurgeons operate and innovate. 

Acknowledging this coupling, there is a strong argument that MRI has a clear role to play in 

further advancing the field: increasing what we know about a patient’s disease and improving 

how we can treat it. Nowhere is this more evident than stereotactic neurosurgery, where 

targeting of specific anatomical structures and circuits with precision is the sine qua non. 

Similarly, the viability of neurosurgical procedures hinges on risk-benefit profile. Following 

from this, the reliability of a procedure’s benefit is critically important for its 

recommendation, as are avoiding adverse effects such as haemorrhage. The foundational 

premise of stereotactic surgery is that a functional improvement may be achieved with 
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minimal adverse effects through the targeting of a particular, very small structure in an 

individual’s brain, thought to be important in their disease. Necessarily, this requires 

sophisticated mechanical apparatus to reliably target a locus in space and imaging to identify 

the location of the intended structure in that individual in space. Therefore, MRI has an 

indispensable role in establishing procedure reliability and safety in stereotactic surgery. 

 

A simple conceptual truth can be appreciated when reflecting on the history of neuroimaging 

in stereotactic surgery and the appraisal of clinical outcomes: in any controlled study, reliable 

(or appropriate) targeting is essential for demonstrating efficacy of a treatment and for 

minimising adverse effects of surgery. For example, if surgeries currently supported by level 

1 evidence were conducted with X-ray ventriculography guidance instead of MRI guidance, 

they would have been unlikely to achieve this (i.e. a ‘false’ negative trial) and would probably 

also have had a poorer safety profile due to lower precision and accuracy of implantation (see 

Figure 1). This would be despite the ground truth that the surgery is, in principle, efficacious. 

Similarly, where modern stereotactic surgeries are unable to demonstrate significant cohort 

improvement, yet improvements in individual patients are convincing, the ground truth may 

well be that the surgery works but that targeting is often inappropriate. Advanced 

neuroimaging may be able to unveil this ground truth by further optimising targeting of a 

specific structure, or conversely by revealing precisely how anatomical targeting should 

actually be different between patients.  

 

1.3.1 Spatial coordinates 

Optimised targeting of the appropriate neuroanatomy is essential to deep brain stimulation 

(DBS) and even more so for permanent stereotactic lesion procedures. DBS has the advantage 
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of some flexibility, as the multiple electrode contacts on an array can be recruited for 

stimulation, thereby covering a larger anatomical area. Furthermore, stimulation can be 

withdrawn, and the lead even revised if necessary. Since 2015, directional leads have been 

commercially available that offer further flexibility in the plane orthogonal to the lead and 

have now become standard devices over the past few years. This has made achieving surgical 

accuracy to an optimal target more forgiving, as after implantation stimulation settings can 

be chosen to overcome some degree of misplacement. Nonetheless, understanding the 

optimal target and surgically reaching it are still endeavours of fundamental importance in 

DBS practice.  

 

Beyond targeting a structure based on prior understanding of functional neuroanatomy and 

physiology, modern neuroimaging has allowed us to further adduce and optimise the surgical 

target: essentially retrospective empirical studies in man. Using post-operative MRI of lesion 

procedures (radiofrequency ablation, radiosurgery, high-intensity focused ultrasound), or 

post-operative CT registered to a pre-operative MRI for DBS, surgeons have been able to 

retrospectively identify therapeutic ‘sweet-spots’. In its simplest form, this involves 

correlating the location of the intervention on imaging with clinical outcomes. This requires a 

spatial transform (either a coordinate system, such as AC-PC, or non-linearly registering the 

image to a standard space, such as MNI) and referencing to a compatible generic 

neuroanatomic atlas. In practice, to explain variance in outcomes, analysis requires a form of 

dimensionality reduction (3D to 1D) such as grounding to a high clinical improvement centroid 

(continuous method),92 or allocating electrodes to a small number of specific anatomic 

structures and the corresponding outcomes compared (discrete method). Alternatively, 

outcome correlation can be assessed against theoretical stimulation volume using a voxel-
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wise t-statistic map and a linear model. An example of this process is the proposition of a 

territory including the posterolateral ventral globus pallidus interna (GPi) and subpallidal 

white matter as the ‘sweet-volume’ for DBS treatment of dystonia.93 Although such ‘sweet-

spot/volume’ analyses invariably leave much outcome variance unexplained, the results of 

such experiments already inform the practice of stereotactic surgeons worldwide in 

movement disorders. Nonetheless, they have also generated controversy, after, in some 

cases, failing to be replicated consistently94 and therefore leading to some heterogeneity in 

clinical practice. For example, such studies have conflicted in their support for the 

subthalamic nucleus (STN) as the target of choice for non-tremor dominant Parkinson’s 

disease (without significant psychiatric co-morbidity). A spectrum of locations in the 

subthalamus have been identified, including the dorsal STN,65,95,96, rostrolateral STN,94 its 

border,97–99 the posterior subthalamic area (PSA),100,101 and the caudal zona incerta (cZI).102 

Despite this, most surgeons continue to target within the STN (typically dorsolateral), due to 

support from primate models,81 overall balance of evidence (particularly regarding 

bradykinesia and rigidity), and important secondary outcomes like medication reduction.103  

 

Discrepancies between studies are likely partly due to methodological limitations of electrode 

localisation. There is some uncertainty in localisation within an image, and even small 

systematic discrepancies in neuroimaging (e.g., MRI-CT registration) or defining electrode 

coordinates would lead to problems due to the relevant anatomical scale. In this regard, post-

operative CT appears to be more reliable than post-operative MRI, due to the larger electrode 

artefact with the latter.104 Probably more importantly, errors and inconsistencies are possible 

in the transposition from the individual representation to the common anatomical 

framework, and there is much disparity in how exactly this is carried out. Importantly, much 
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variation in human neuroanatomy is not accounted for, despite it being known that this can 

be quite considerable, for example with the thalamus.105 Clearly, AC-PC coordinates can only 

be interpreted as approximations in their correspondence to particular neuroanatomic 

structures. Non-linear image registrations to an anatomic standard can have straightforward 

inaccuracies and otherwise are only driven by the available imaging contrast and are further 

limited by resolution. Ultimately, unless all relevant structures are clearly visible on MRI, 

inferences must be made on the principle of proportional relationships (distances, sizes, 

orientations, shapes) during registration. This is crucial to recognise and claims of a particular 

‘sweet-spot/volume’ are seriously undermined when this is not demonstrated in the imaging 

series it depends on. Ultimately, for validation of specific non-invasive localisation methods, 

robust post-mortem series are required in parallel, to histologically confirm electrode 

locations. However, this is rarely done.  

 

Large inter-individual variation is typical of location studies. In other words, one ‘location’ 

may work very well for one individual, but very poorly for another. Understanding why this is 

the case is crucial for advancing practice and is a clear signal that more advanced targeting 

methods are required. Advanced MRI is a putative tool to examine this. Location methods 

only concern themselves with ‘macroanatomy’, whereas functional anatomic organisation 

(i.e. the network) is also important, likely to vary in disease states, and could be probed with 

techniques that assess connectivity.106 In addition to methodological errors in localisation, 

further heterogeneity could be expected due to variation in pathophysiology and 

corresponding anatomy between patients, which advanced MRI techniques could probe. It is 

broadly appreciated that, to improve targeting, a higher degree of personalisation is required 

than standard structural MRI and a linearly scaled anatomical atlas can provide. Therefore, 
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progress requires an advanced a priori evaluation of an individual’s anatomy without the 

significant assumptions that an atlas overlays. 

 

1.3.2 Tractography 

Future practice is likely to see stereotactic surgeons rationalising the surgical target through 

the results of more complex neuroimaging experiments. The aim, in essence, amounts to 

replacing either a rigid, linearly scalable atlas or direct targeting of visible nuclei by flexible 

anatomical concepts pertaining to how the brain is organised. Such an approach is manifestly 

appealing, as it is recognised that it is the organisation of neural components that is important 

for function, and their spatial location more of a practicality.  

 

1.3.2.1 Anatomical schema as surgical targets 

In keeping with network concepts of brain function, it is recognised that with both DBS and 

lesioning, treatment effects (improvements and side effects alike) will depend on the 

connectivity of the target with other brain regions (i.e., connectivity partly defines 

function).107 Clearly, lesioning would be expected to cause ‘die-back’ deafferentation of 

neurons structurally connected to the lesion. Similarly, the effects of DBS are likely to depend 

on local white matter tracts and their axonal orientation with respect to the electrical field 

generated by the system. Indeed, a central element of the rationale in targeting many 

structures is their participation in known neuroanatomic pathways and circuits which are of 

particular relevance to the pathophysiology and functional impairment that is hoped to be 

ameliorated. The historic thinking here has been to disrupt the forward flow of a problematic 

signal before it is integrated into a higher order representation and manifests as symptoms. 

Classic examples at the thalamus include the motor ventral intermediate nucleus of thalamus 
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(VIM) as a target for surgical treatment of tremor, as well as the ventral posterolateral (VPL) 

and ventral posteromedial (VPM) thalamic nuclei, targeted for limb and head pain 

respectively. The former is the primary thalamic termination site for the decussating 

dentatorubrothalamic tract (dDRTT), and the latter are primary termination sites for the 

medial lemniscus and trigeminothalamic tracts, conveying somatic sensations. Following in 

this anatomical tradition, with the advent of diffusion MRI tractography, a connectivity-based 

or ‘connectome’ approach to optimising neuromodulation surgery is both logical and 

attractive.108  

 

1.3.2.2 Pairing tractography to clinical effects 

The above connectomic interpretation of stimulation effects is conceptually broad and 

appealing in general terms. For example, it subsumes effects on soma connected with distant 

regions, as well as effects on axons synapsing or passing. As such, it may well capture a 

meaningful pairing being structural connectivity estimates and clinical effects. However, such 

applications of tractography that go beyond basic characterisation of stimulation location (i.e. 

from the general to the more specific) must rely on knowledge (or assumption) of the relevant 

mechanism of action (e.g. assumptions underpinning size and shape of the stimulation field). 

Unfortunately, confidence in such knowledge is absent in DBS; indeed, our understanding is 

particularly murky. Classically, axons and dendrites local to the electrode (particularly large 

ones) are considered of principle relevance to DBS, as soma have a substantially higher 

activation threshold.109 However, DBS may also cause hyperpolarisation of soma and 

axons/dendrites. Furthermore, as neuronal populations may be excitatory or inhibitory, both 

these processes could cause inhibition or excitation downstream. Orientation of neural 

elements to the electric field is also a major determinant of the field’s effects. In addition, 
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beyond ‘simple’ electrical effects, neurochemical effects, neuroglial effects, and effects on 

plasticity that cause long-term network reorganisation must also be considered as possible 

major determinants of clinical effects, particularly with chronic stimulation.110,111  

 

At the inception of DBS, it was proposed that the high-frequency stimulation that was 

observed to ameliorate tremor worked via inhibition (of passing fibres rather than ventral 

thalamic soma), largely due to the clinical comparison with ablative surgery.112 Although, 

remarkably, this has partly stood the test of time,113 across the panoply of DBS surgeries the 

reality is seemingly much more complex with competing inhibitory and excitatory processes 

on both inhibitory and excitatory elements, on a background of other biological process. In 

summary, while much remains unknown, it is clear that; a) mechanisms vary by site (both 

with respect to specific target, and grey and white matter proximity), b) mechanisms vary by 

frequency of stimulation, c) mechanisms vary by amplitude of stimulation, and d) mechanisms 

in any one case of stimulation are likely multiple, of which observed clinical effects are a 

function.114 

 

1.3.2.3 Localisation: from coordinates to connectivity contrast 

Anatomical localisation via tractography is a method of leveraging the premise that 

connectivity patterns define an anatomical locus. By doing this, one shifts the atlas ‘generic 

neuroanatomy problem’ from small, high heterogeneity, anatomically congested regions 

(e.g., brain stem) to larger, more homogenous regions (e.g., cortex) where small assignment 

errors in applying the generic anatomical template to a specific brain are likely to be 

insignificant. In this way, in theory, tractography could be used to address the previously 

articulated problem of inaccurate targeting of deep brain structures as a result of applying 
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generic atlases to individual brains. In keeping with this, it is known that atlas-based targeting 

delivers considerable target variability with respect to an individual patient’s tractography-

derived white matter tracts,115 supporting the appeal of such pre-operative information for 

surgical planning. As such, analysing an individual patient’s white matter pathways using 

tractography - if attainable with high-fidelity - would appear an attractive method to 

personalise stereotactic targeting. Tractography derived from diffusion-MRI experiments is 

indeed proving to be a promising tool in stereotactic neurosurgery, through visualising tracts 

and by offering a metric of structural connectivity. Although mostly in the realm of 

neurosurgical science, it is already used by some surgeons.41,42,116,117  

 

1.3.2.4 White versus grey matter 

Although not exclusively (e.g. anterior internal capsule), surgical targets have historically been 

mostly nuclei: clusters of cell bodies functioning as integrating-relay hubs where numerous 

tracts converge, synapse, or pass through. However, white matter tracts are plausible surgical 

targets in their own right. It is often unclear whether or when it is nuclei (grey matter), or 

tracts (white matter) that should be targeted for optimal therapy.93 DBS for essential tremor 

(ET) serves as a good example. VIM and ZI are the standard targets, yet there is compelling 

evidence that the key structures for tremor mitigation are fibres of the dDRTT that traverse 

the PSA and enter the VIM inferiorly.39,118,119 This would also explain the greater electric 

efficiency of PSA compared to VIM DBS,120 through the more orthogonal fibre orientation 

with respect to a typical lead trajectory. This theory surmises that it is not a particular function 

of cell bodies in the VIM or ZI that is important or responsible for the therapeutic effect of 

stimulation on tremor, it is merely their spatial proximity/relationship with the dDRTT axons. 

As aforementioned, wide ranging spatial coordinates of tremor-therapeutic contacts are 
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observed (more than might be expected from atlas-error alone), but nonetheless 

reproducibly localise along the dDRTT, and have a common property of signature structural 

connectivity.38,121 Another consideration for targeting white matter is that there is an obvious 

network selectivity to targeting axons entering/leaving a face of a nuclear subregion than in 

the subregion grey matter itself, which likely receives input from a range of orientations. The 

appropriate treatment strategy (white versus grey) will ultimately be determined by the 

specific electrophysiology and pathophysiology in question.  

 

Notwithstanding these unknowns, the use of tractography to guide stereotactic targeting 

remains conceptually appealing in two separate but related ways. A) to identify white matter 

tracts to be targeted in their own right, and B) to rationalise the optimal location (particularly 

of non-visible subnuclei/regions) based on connectivity profile. Outwith of targeting, 

tractography research could also be of interest with respect to probing aspects of 

neuromodulation mechanisms.  

 

1.3.2.5 State of the surgical field 

For the above reasons, tractography has been a fertile area of research in surgical movement 

disorders. This has especially been the case for tremor surgery, as the VIM – the traditional 

target – cannot be directly visualised on MRI. Instead, its location is inferred with respect to 

Talairach coordinates and a stereotactic atlas (e.g. Shaltenbrand and Wahren).122 

Tractographic approaches to targeting the VIM have prospectively been shown to be safe and 

efficacious,116,117,123 as has targeting of the subcallosal cingulate (SCC) for depression.42 Yet 

neither have been robustly validated for improving outcomes compared to the traditional 

methods, nor have similar methods with any stereotactic surgery. Indeed, prospective work 
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is sparse, but numerous studies have used retrospective tractography to explore white matter 

anatomy related to stimulated or lesioned targets, finding support for the theory that 

structural connectivity is important for surgical outcomes in PD, ET, generalised dystonia, 

obsessive compulsive disorder (OCD), and Tourette syndrome.65,121,124–126 As such, one might 

well consider that due to inter-individual neuroanatomical differences, there is a sound 

hypothesis that tractography might have value in optimising the targeting of MRI-visible 

structures, such as the STN, as well as non-visible targets such as the VIM.38,127 In principle, 

optimal electrode contacts and stimulation parameters could also be predicted,128 which 

might be particularly useful in treating disorders such as dystonia where clinical benefits take 

months to emerge. 

 

1.3.2.6 Methodology 

Tractography is both complicated by, and benefits from, the range of options for how it can 

be used for targeting. In its simplest conception, known tracts can be visualised (typically by 

deterministic tractography), and targeted or avoided as deemed appropriate. Analytically, 

targets can then be assessed by metric distance from or identification within a tract. This 

strategy stems from a specific white matter structure of interest where the reconstructed 

anatomy is thought to be key. This approach can be challenging if the tracts are small and 

cannot be either well visually differentiated from other tracts or otherwise selected by 

‘seeding’ visible structures on a pathway that differentiates it. This can pose a major 

methodological problem that can result in having to default back to atlas-based inference to 

some degree.129 The multiple region of interest (multi-ROI) approach is the standard rejoinder 

to this problem, using multiple high-sensitivity, low-specificity ROI’s to capture a signature 

anatomical trajectory, and discard other local fibres included in any single ROI.130,131 More 
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commonly for analytic research in stereotactic neurosurgery, a probabilistic tractography 

model is applied, which outputs a metric (e.g. streamlines) of ‘structural connectivity’ 

between defined areas (e.g. electrode and gyrus). This strategy engages a connectome 

concept that structural connectivity metrics attempt to embody. The use of tractography is 

further complicated by deciding which tracts or ‘connections’ should be included, excluded, 

prioritised, avoided; which probabilistic methodology should be used; which diffusion signal 

modelling to use; and which diffusion MRI acquisition parameters to use. Equally, this 

versatility is potentially a strength to be leveraged.  

 

The correction of susceptibility-induced distortions, problematic for the echo planar imaging 

necessary for DTI, and the degree to which the MRI acquisition is capable of encoding crossing 

fibres are particularly important for high-fidelity tractography. Without the former, accurate 

anatomical localisation is poor. False positives are an important limitation of tractography,68 

which mandates an essential requirement to only analyse connections that have been 

established by reliable invasive methods (e.g., tracer studies) in animals, ideally primates. in 

other words, they should not be used for discovery of ‘new’ pathways. As sample sizes are 

typically low in DBS cohort studies, it is important to be selective, carrying out only a small 

number of a priori credible experiments to avoid issues with multiple comparisons if statistical 

tests are being carried out.  

 

Within the probabilistic ‘structural connectome’ strategy, approaches to identifying optimal 

surgical targets adopt one of two conceptual approaches. A) a priori parcellation of parent 

structure (e.g. thalamus) based on voxel-clustered structural connectivity profiles and 

analysing clinical effects with respect to individual parcels and target’s locations;132–134 or B) 
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a correlation of clinical outcomes with the target’s connectivity to other brain areas40,65 and 

backpropagating the optimal connectivity-template pattern for future surgeries (e.g. a 

connectivity hot-spot as a targeting/implantation reference point). The first method is based 

on the assumption that the structural connectivity profile of a parent structure should 

functionally and anatomically segment it. This concept is supported by neuronal tracer 

experiments, and DTI-based parcellations have produced anatomically plausible results.135  

 

1.3.2.7 Normative versus individualised connectomes 

Individual’s brains are different, including their structural connectivity. Correspondingly, high-

field diffusion tractography produces significant differences between individuals in key 

tracts.136 Pathology may also manifest in changes of structural connectivity, and this may be 

variable amongst individuals with the same disease categorisation. This is made concrete by 

the extensive literature on fractional anisotropy and tract-based spatial statistics experiments 

analysing neurological and psychiatric conditions against healthy controls. Despite this, 

numerous studies have used ‘normative connectomes’:121,124,125 a spatial average of diffusion 

parameters, combined from numerous individual subject/patient scans, non-linearly 

transformed to a common space (i.e. MNI). The benefits of such a method are largely 

practical: no diffusion scans are required for each individual patient - only the electrode 

locations - and the diffusion connectome used is typically of a very high-quality (e.g., high 

signal-to-noise ratio, angular resolution, and spatial resolution) as it did not have to be 

acquired for specific patients. Obviously, however, any analysis will not reflect any intrinsic 

differences in connectivity between patients and is instead a form of characterisation of 

electrode location represented in additional dimensions. Due to this, the application of such 

results to the improvement of individualised surgical targeting or patient 
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selection/counselling is, from first principles, arguably very limited. Nonetheless, Wang et al. 

explore this issue with a study that compares the tractography results of STN DBS within a 

normative age-matched connectome, a normative young/healthy connectome, and within 

individual connectomes.137 Differences between the two approaches (normative and patient-

specific) did not reach statistical significance, although there were trends which the authors 

interpret as the DBS tractography in the individual connectomes explaining more of the 

variance in outcomes from surgery. The analysis has some limitations, for example, the use 

of three different diffusion acquisitions among the individual connectome data set. Yet, at 

least in PD considering STN DBS, it indicates that structural connectomes are more similar 

than they are different. It should nonetheless be recognised that this may not apply to other 

pathological cohorts, particularly those that where substantial degeneration or functional 

reorganisation is characteristic of the disease (e.g., dystonia). This same question has been 

addressed as a secondary objective in two other studies. Essentially the same conclusion is 

made in a study of superolateral medial forebrain bundle (slMFB) DBS for depression, 

although the similarity between normative and individualised connectome analysis is not 

quantified, and regardless, connectivity failed to show predictive power.138 However, 

Baldermann et al. examine anterior limb of internal capsule (ALIC) DBS for OCD, 

demonstrating clear differences in specific predictive DBS<->cortex connectivity between 

normative and individualised connectomes (e.g. prominent cingulate and primary motor 

cortex relationship in the normative analysis but not individualised), although both predicted 

outcomes with a similar power.139 Indeed, a closer look at the results of Wang et al. supports 

a perspective more in line with these findings. We know from Vanegas-Arroyave et al. that 

STN DBS<->superior frontal gyrus structural connectivity is a major predictor of surgical 

benefit.40 Therefore, it is an important region to consider that includes the supplementary 
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motor area (SMA) and pre-SMA. However, with Wang et al. the Spearman correlation R2 

between individualised and normative DBS<->SMA connectivity was only 0.16-0.18, and for 

DBS<->pre-SMA connectivity it was only 0.11. One might expect some variation due to 

differences in diffusion MRI acquisition parameters, but differences of this scale demonstrate 

that although normative connectomes can predict clinical outcomes, and their connectivity 

metrics significantly correlate with those from individualised connectomes, the specifics 

nonetheless actually differ quite substantially. Indeed, despite their conclusions, this is quite 

clear from the renderings of the respective ‘optimal connectivity profiles’ for different 

connectomes presented in their manuscript. If one is aiming to prospectively personalise a 

surgical procedure using connectivity, the specifics will clearly matter, and by fundamentally 

ignoring the intrinsic structural connectivity differences between patients the potential for 

using results to individualise treatment is much more limited. It must be emphasised that 

analyses based on normative connectomes cannot offer more than normalised electrode 

coordinates for choosing where to choose as a stereotactic target in an individual patient. All 

it can do is give a connectomic characterisation of electrode locations, based on an averagely 

connected brain.  

 

1.3.2.8 Toward a diffusion MRI personalisation of stereotaxis 

Research on surgical personalisation using an individual’s connectome is currently too limited 

to make major claims on its potential to upgrade stereotactic surgery. As of yet it has mostly 

been applied to STN and VIM procedures that have relatively (for the range of DBS 

indications) low variance in outcomes (i.e. less potential for optimisation).65,132 Practically, it 

has the potential to be most germane to surgeries where very large variation in clinical 

outcomes is routinely observed, and where that variation is currently unexplained. In this 
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category, there has been some investigation of ALIC DBS for OCD,140 SCC DBS42,141,142 and 

slMFB DBS for depression,138 and some modest study of anterior cingulate (AC) DBS for 

pain.143,144 In summary, AC DBS results are only preliminary and weak, slMFB DBS results were 

negative, SCC DBS results have showed potential but unfortunately have not clearly improved 

outcomes in prospective application, and deterministic tractography results in ALIC DBS have 

showed some promise to guide targeting, explaining ~35% of variance in outcomes. Despite 

the unimpressive state of the project, the structural connectomic approach to the 

interpretation of the effects of DBS remains compelling and its exploration still in its infancy. 

Pedunculopontine nucleus stimulation for PD, thalamic stimulation for pain, and GPi 

stimulation for dystonia are all prime candidates in which to further examine the prospect of 

diffusion MRI personalisation of stereotaxis and will be addressed as the corpus of this thesis.  

 

1.3.3 BOLD-MRI and other advanced neuroimaging 

In a similar way to diffusion MRI, blood-oxygen-level-dependent (BOLD) imaging, commonly 

known as functional MRI (fMRI), has also been used in an effort to rationalise variation in 

clinical outcomes from DBS surgery. Functional connectivity of the stimulated region with 

other brain areas is calculated, and correlation can be assessed between connectivity 

patterns and outcomes. This is usually resting state (rs-fMRI) but can be a task/stimulus-based 

experiment. Often, fMRI data has been combined with diffusion MRI data to generate a bi-

modal whole brain connectivity profile associated with surgical success.121,125,145 In such a 

study with STN DBS,145 both connectomes were independent predictors of success. This 

suggests, at least in principle, that fMRI could be used to refine treatment in addition to 

diffusion MRI, although as normative connectomes were used this conclusion is somewhat 

problematic. As a proof of concept, however, individual fMRI data in healthy individuals has 
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been shown to localise an anatomically plausible thalamic target for tremor,146 indicating a 

theoretical use for individualised targeting.   

 

Overall, fMRI appears more suited as a tool for probing mechanistic questions.147 A rs-fMRI 

acquisition can be carried out intraoperatively,148,149 with stimulation on and off, allowing 

network effects on brain function to be inferred by regional changes in blood oxygenation, 

under these different conditions.150–152 There are important non-trivial technical 

complications relating to electrode artefact in the BOLD signal (particularly with stimulation 

on), but these can probably be largely overcome.153 In contrast, it is hard to see how this could 

ever be possible with diffusion MRI due to the interaction of the metal electrodes with the 

large magnetic gradients that are used. Furthermore, the experiment itself makes much less 

sense, as it is not biologically feasible for structural connectivity to change on a time scale of 

acute on/off stimulation experiments, although the possibility of long-term structural 

connectivity changes after chronic stimulation would admittedly be interesting to study.154   

 

Due to practicalities of image resolution, fMRI has more limited potential to improve 

stereotactic targeting. At clinically reasonable scanning times, fMRI experiments are typically 

done at a resolution of around 3 mm3; 27-times the tissue volume discernible on typical 

structural MRIs (1 mm3) and not useful for the relevant anatomical or surgical scales 

(surgeries are usually accurate to within 1 mm). Comparably, under clinically reasonable 

scanning times, diffusion MRI is typically acquired at around 2 mm3 resolution (8-times the 

tissue volume of a 1 mm3 structural MRI). Instead, and in addition to mechanistic insight, 

where fMRI is most likely to improve DBS surgery is in patient selection. In principle, pre-

operative fMRI scanning could be performed as part of the clinical assessment of all patients, 
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but particularly clinically borderline surgical candidates, to see if they have a suitable 

connectivity profile available to suggest benefit from surgery.151,155 Indeed, this concept could 

be developed further, for example in PD, individual patient’s fMRI scans might plausibly be 

used to predict which surgical target to choose (GPi vs. STN vs. VIM vs. ZI) based on what 

would be clinically optimal for an individual patient. Promising research in this area has been 

carried out in STN DBS for PD, where it is not the connectivity of the particular electrode 

locations that is examined, but the connectivity of the STN (pallido-subthalamic)156 or that 

between non-STN ROIs.157 This approach has explained considerable outcome variance. As 

variance in implant location clearly matters and is intrinsically ignored in such analyses, their 

demonstrated predictive power points towards a potentially supplemental clinical benefit (via 

patient selection) to any improvements relating to targeting. 

 

It is unclear what contribution other imaging modalities, such as MR spectroscopy (MRS), 

could play in improving functional neurosurgery. Neurotransmitter density, such as ɣ-

aminobutyric acid (GABA), in key nuclei might be relevant to the efficacy of DBS and could be 

explored with MRS. MRS can play an important role in stereotactic biopsy, and with increasing 

indications for stereotactic surgery, MRS may well find a niche. The next-generation of 

stereotactic procedures are purported to be deep brain drug and vector delivery.158–160 As 

their strategy is to rectify cellular and biochemical dysfunction (as opposed to altering 

network function), patient selection, targeting, or follow-up could, in principle, benefit from 

metabolic data acquired by MRI.  
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1.3.4 Concluding remarks 

MRI has been fundamental to progress in neurosurgery in general and stereotactic surgery 

specifically. Advanced forms of MRI are cogent candidate tools for further progress in guiding 

the right intervention to the right patient. Improvements in targeting from MRI are likely not 

exhausted, and instead are likely to arise from improved contrast with clinical high-field (7T) 

structural MRI and high angular resolution diffusion MRI data with multi-fibre modelling. It is 

possible to conceive of clinical software with automated tract identification and parcellation 

functionality, allowing for high-fidelity connectivity-based targeting and avoidance of 

relevant anatomy.161,162 In addition, organic metabolic (MRS, chemical exchange saturation 

transfer imaging, amide proton transfer imaging), inorganic metabolic (SWI), structural 

connectomic (diffusion MRI), and functional connectomic (fMRI) data may provide key 

insights into patient stratification and precision-diagnosis through granular characterisation 

of individuals’ pathology, and inform the treatment of choice (stereotactic or otherwise). 

Through an effort to improve care, paired with clinical observations, these techniques can 

also offer scientific insights into the medical conditions they are applied to, the function of 

different brain areas, as well as the treatments themselves. Outwith of scientific enquiry, such 

techniques face many challenges in becoming standard of care in the practice of clinical 

excellence. The Fryback six level hierarchy can be reformulated to model this challenge: (1) 

technical feasibility, (2) data relevance, (3) data reliability, (4) therapeutic impact, (5) impact 

on outcome, and (6) economic acceptability.163 Satisfying this is a process of discovery, and 

advanced neuroimaging will be used in the first instance at surgeons preference through 

pioneering spirit and common sense. 
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Individualised approaches in stereotactic and functional neurosurgery are most relevant 

where clinical response is highly variable between patients and their underlying pathology is 

spatially or physiologically heterogenous. In such cases, information from individualised 

structural connectomes is likely to be highly relevant. Conversely, where surgeries are quite 

reliable, such information is less relevant. In this thesis, diffusion MRI will be used to interpret 

three cases of the former: firstly, DBS treatment of gait freezing and falls, secondly, analgesia, 

and lastly, cervical dystonia. The thesis will propose that patient-specific structural 

connectivity parameters, inferred from diffusion MRI, reveal anatomical differences between 

patients that offer convincing explanations for large variability in clinical effects of DBS, 

resolving considerable epistemic uncertainty. In each case, the results presented in this thesis 

inform a possible strategy for using this non-invasive pre-operative technique for 

personalising surgery to optimise outcomes for patients.  

 

Overall, the arc of progress in stereotactic neurosurgery has taken a trajectory from cruder 

approaches based on generalised neuroanatomy to being an increasingly personalised 

project, tailored to an individual’s neuroanatomy. One can expect this journey to continue. 
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I had pulled my mask up to cover my nose and mouth. His covered mouth only. 
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Wilder G. Penfield 

 



 46 

CHAPTER 2: PARKINSONIAN GAIT FREEZING AND IMBALANCE  

 

ABSTRACT 

Parkinson’s disease (PD) dominated by gait freezing and associated falls is rare, but severely 

debilitating and resistant to standard treatments. Studies in a macaque model of PD identified 

deep brain stimulation of the pedunculopontine nucleus as a promising surgical procedure for 

the treatment of Parkinsonian gait and balance dysfunction. It has, however, produced mixed 

clinical results that are poorly understood. I used tractography with the aim to rationalise this 

heterogeneity. A cohort of eight patients with postural instability and gait disturbance (PD 

subtype) underwent pre-operative structural and diffusion MRI, then progressed to deep brain 

stimulation targeting the pedunculopontine nucleus. Pre-operative and follow-up 

assessments were carried out using the Gait and Falls Questionnaire and Freezing of Gait 

Questionnaire. Probabilistic diffusion tensor tractography was carried out between the 

stimulating electrodes and both cortical and cerebellar regions of a priori interest. Structural 

connectivity between stimulating electrode and precentral gyrus (r = 0.81, p = 0.01), 

Brodmann areas 1 (r = 0.78, p = 0.02) and 2 (r = 0.76, p = 0.03) were correlated with clinical 

improvement. A negative correlation was also observed for the superior cerebellar peduncle 

(r = −0.76, p = 0.03). Both motor and sensory structural connectivity of the stimulated surgical 

target characterises the clinical benefit, or lack thereof, from surgery. In what is a challenging 

region of brainstem to effectively target, these results provide insights into how this can be 

better achieved. The mechanisms of action are likely to have both motor and sensory 

components, commensurate with the probable nature of the underlying dysfunction.  
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2.1 PARKINSON’S DISEASE AND GAIT FREEZING 

2.1.1 Parkinson’s disease pathophysiology 

Parkinson’s disease (PD) describes a neurodegenerative process that encompasses a broad 

spectrum of patient symptomatology, with shared underlying features. While the cardinal 

symptoms are tremor, rigidity, akinesia, and postural instability, the symptom profile 

individuals are burdened with varies widely beyond this description. In addition, the 

underlying proteopathy (synucleinopathy) is shared with other disorders, namely PD 

dementia, Lewy body dementia and multiple system atrophy. PD is twice as common in men 

than women. It is most commonly diagnosed in the seventh decade preceded by a 

symptomatic prodrome and asymptomatic pathology, likely spanning many decades. Early 

symptoms typically include hyponosmia, sleep disturbance (typically ‘rapid eye movement 

sleep disorder’), depression, and constipation. The pathological hallmark is dopaminergic cell 

loss in the substantia nigra pars compacta (SNpc), and the corresponding characteristic motor 

and non-motor symptoms that arise due to the loss of this input to the corpus striatum. 

However, PD is not solely a mesencephalic dopamine disease: pathological survey reveals a 

diffuse, neurodegenerative illness, bilateral and asymmetric.1,2 A range of neurotransmitter 

systems are compromised, including serotonergic, noradrenergic, and cholinergic, among 

others. Pathology is progressive, selective, and widespread in both the central and peripheral 

nervous systems, where the enteric nervous system, olfactory bulb, and the medulla 

oblongata are thought to be damaged first.3 Reflecting this observation, the retrograde prion-

like spread of alpha-synuclein from the gut is established as a credible theory in the 

pathogenesis of PD.4 More recently, a cortico-striatal pathogenic mechanism has emerged as 

a parallel process or adjunct to this theory.5 Lewy bodies occur centrally and peripherally in 

both parasympathetic and sympathetic arms of the autonomic nervous system.6 
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Corresponding autonomic dysfunction is common (particularly cardiac sympathetic 

denervation), may present early, and can become severe as the disease progresses.4 Although 

a classic ‘movement disorder’, non-motor symptoms in PD can contribute most to disability, 

particularly late in the disease course.7 Cognitive decline usually manifests late, with 

dementia characteristic of end-stage disease.8 The manifestation of different clinical 

phenotypes is plausibly attributed to different patterns of Lewy pathology and neuronal 

degeneration in individuals, although robust evidence of this is often lacking.  

 

2.1.2 Gait freezing and postural instability  

Freezing of gait (FoG) is a mysterious and heterogenous phenomenon, broadly defined as 

“brief, episodic absence or marked reduction of forward progression of the feet despite the 

intention to walk.”9 It remains poorly understood and may be a manifestation of different 

underlying dysfunctional processes. FoG can arise as part of a secondary movement disorder 

resulting from cortical, basal ganglia, or brain stem lesions.10 In PD, FoG is common in 

advanced disease but, rarely, can be a principally morbid motor symptom in early disease. 

Clinically, it may involve the feeling of feet being stuck to the floor, trembling of the legs in 

place, and precipitation or relief by a range of curious cues and cognitive circumstances. Most 

notable of these are the relationship of FoG with spaces such as doorways11 and 

emotion/excitement, the former which acts as a precipitant, the latter as a reliever. In PD, 

FoG is associated with disease severity,12 does not correlate with classically dopamine 

responsive cardinal symptoms (tremor, bradykinesia, rigidity) but does correlate with midline 

symptoms such as postural instability.13 Furthermore, while FOG is usually improved by L-

DOPA, and further improved by MAO-B inhibitors, it is more resistant than other motor 

symptoms and in some patients FoG is not improved or even elicited by dopamine 
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replacement.14 As such, the profile of this symptom stimulates the possibility that non-

dopaminergic signalling plays an important role, which would necessarily implicate nuclei 

other than the SNc. Five main hypotheses are available to explain FoG, although they are not 

necessarily exclusive and may not be universal between patients. These include abnormal gait 

pattern generation, a problem with central drive and automaticity of movement, frontal and 

executive dysfunction, perceptual malfunction, and abnormal coupling of posture with gait.9   

 

Achieving bipedal balance is profoundly non-trivial, requiring integration of multiple afferent 

signals including vestibular, visual, somatosensory, and proprioceptive information. 

Complicated and appropriate efferent motor programs must then be delivered to effective 

musculoskeletal apparatus, and repeatedly updated based on new sensory information to 

place the body’s centre of mass over its support base during movement (dynamic balance) or 

when stationary (static balance). Central imbalance has a range of aetiologies, for example, 

cerebellar, vestibular, and general cognitive impairment. Imbalance leading to falls in PD is 

certainly heterogeneous with different neurological and mechanical factors playing important 

roles in different patients. For example, simple biomechanical factors such as stooped posture 

and musculoskeletal deterioration will be detrimental to balance. Bradykinesia and rigidity 

can cause balance impairment, for example, by inhibiting appropriate automated postural 

responses to externally applied perturbations to the body. It prevents the dynamic 

coordination of synergistic muscles required to maintain balance from postural 

perturbations, with co-contraction of muscles across joints. In late disease, impaired 

proprioception, executive dysfunction, limited postural set, and lack of automaticity 

predominate. On this complicated backdrop, FoG is recognised as the most common proximal 
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cause of falls.15 Such falls are commonly injurious and can result in fractures with potentially 

major sequelae.     

 

Recognition of the large clinical spectrum of PD has led to the attribution of subtypes. In 1990 

two contrasting subtypes emerged from a baseline analysis of the American DATATOP cohort: 

tremor dominant (TD) PD and postural instability and gait disturbance (PIGD) PD.16 The 

development of gait freezing and balance problems (and also speech problems) are strongly 

associated,13 from which clinical validity for the PIGD subtype is drawn. Nonetheless, its 

legitimacy has been challenged.17 The concept has been destabilised by the finding that 

freezing of gait and balance problems have different demographic, non-motor, and genetic 

predictors,18 alluding to an important distinction. In addition, data driven cluster analyses fail 

to locate the PIGD subtype.19 Instead early onset, rapidly progressive, TD, and non-TD (NTD) 

subtypes are found. The NTD subtype is associated with a greater cortical burden of Lewy 

bodies,20 which would likely include PIGD patients, if they were so classified. This is 

commensurate with the higher level of cognitive impairment that has been observed in NTD 

and PIGD. Similarly, the PIGD subtype has been associated with greater cortical atrophy. 

Regardless of the distinction between NTD and PIGD, there are a small subgroup of patients 

whose motor morbidity is dominated by severe gait freezing and imbalance leading to falls.  

 

2.2 DEEP BRAIN STIMULATION TARGETED TO THE PEDUNCULOPONTINE NUCLEUS 

 

The results of deep brain stimulation (DBS) of the subthalamic nucleus (STN) or the internal 

pallidum (GPi) have demonstrated less dramatic effects on FoG than cardinal motor 

symptoms. Specifically, STN DBS typically leads to modest improvement in L-DOPA responsive 
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FoG,21 and can alleviate L-DOPA induced FoG. However, it may also generate new FoG in a 

non-trivial proportion of patients.22 More specifically, it appears that benefits are greater with 

middle frequency (60 Hz) stimulation, whereas the benefits are attenuated and then reversed 

with increasing voltage of the high frequency (130 Hz) stimulation typically used in STN DBS 

for PD.23 Further important observations regarding the role of the STN include the 

characterisation of FoG by low-frequency (4-13 Hz) STN-cortical decoupling in the less striatal-

dopamine replete hemisphere,24 and the improvement of FoG with dopamine and  

noradrenaline reuptake inhibition via methylphenidate in patients receiving STN DBS.25 The 

effect of GPi DBS on FoG has not been explicitly studied. While it does typically lead to a 

modest improvement in PIGD symptom scores,26 this is unlikely to be due to improvement in 

FoG, and indeed FoG may emerge following stimulation.27 As such, STN or GPi DBS are 

unsuitable for both the ~5% of patients with early and severe gait freezing refractory to 

medications and the dominant source of motor disability,13 and the patients where refractory 

gait disorders predominate in advanced disease.12 Stimulation of the brainstem has attracted 

considerable interest in attempts to meet this problem, as well as when FoG emerges 

following GPi or STN DBS. 

 

Numerous lines of evidence point to a region in the upper brainstem that is involved in gait 

initiation and FoG. During the 20th century, the mesencephalic locomotor region (MLR) was 

identified and explored following the observation that locomotion could be induced through 

stimulation of the ventrolateral upper brainstem in the decerebrate, precollicular cat.28–30 

This region corresponds to the pedunculopontine nucleus (PPN) and its environs. In man, 

lesions of this region have also implicated it in gait. A rare case of small bilateral infarcts of 

the pons, restricted to the PPN region, was reported as presenting with FoG.31 Also, a rare 
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case of unilateral pontomesencephalic haemorrhage involving the PPN region is reported as 

presenting with a failure to initiate gait, particularly contralateral to the lesion.32 Indeed, the 

majority of published lesions causing FoG are in the upper ventral brainstem.10 Severity of 

balance and gait symptoms correlate with cholinergic deficits,33,34 signalling that 

degenerating cholinergic nuclei, such as the PPN, may have a role.1,35,36 Ultimately, the 

possibility of targeting the PPN for PD treatment was propelled by the demonstration of 

akinesia improvement in the 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine (MPTP) monkey 

model of PD through a) microinjection of the GABA antagonist bicuculine,37 and b) low 

frequency electrical stimulation,38 both independent of dopaminergic mechanisms.39 

Subsequently, both neurophysiological and functional imaging experiments have confirmed 

the crucial role of the PPN in control of locomotion, with different regions of the PPN involved 

in different aspects.40–42 However, its environs, most notably the cuneiform nucleus (Cnf), 

also facilitate aspects of gait,40 complicating the functional interpretation of this region and 

interventions targeted there. 

 

Despite the primate research being carried out in Oxford, DBS of the PPN in man was first 

reported in 2005 by the Bristol (lone bilateral PPN) and Toronto (dual bilateral PPN-STN) 

groups.43,44 Subsequently, neurosurgery centres have reported mixed and complicated 

clinical results from DBS targeting the PPN in PD (see Table 1),45–48 which are difficult to parse 

and synthesise into a comprehensive understanding. Ultimately, the clinical results have been 

modest and disappointing overall, and have not led to a clinically impactfully procedure in the 

same way as, for example, DBS to the STN has. The reasons for this are likely multiple, with 

the clinical experience of this procedure highlighting a number of surgical and academic 

challenges. Nonetheless, it is clear at least that stimulation of the PPN region (ventrolateral 
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pontine tegmentum) can alter aspects of gait and balance in some patients.49,50 While PPN 

DBS was originally proposed as a treatment in PD for gait ignition failure and FoG,38 the 

indications for surgery and subsequent primary clinical assessment usually includes the full 

gamut of PD gait and balance symptoms (or otherwise termed axial symptoms). These are 

typically assessed under the gait, balance, and freezing elements of the Unified Parkinson’s 

Disease Rating Scale (UPDRS) II and the gait and postural instability elements of UPDRS III.51 

These are all ordinal scales with five ranks, which as metrics lack detail and sensitivity to 

change (authors that use them acknowledge their weakness in assessing PD gait and FoG)48, 

but may be appropriate to capture clinically relevant differences. The Rating Scale for Gait 

Evaluation (RSGE) is sometimes used and offers a broad evaluation of gait disturbance in PD 

but without in depth attention to FoG.52 FoG itself is difficult to measure objectively in the 

clinic, partly due to its fluctuating nature. The best practical metric is probably the FoG 

component (6 questions, 24 points) of the Gait and Falling Questionnaire (GFQ).53 Many other 

aspects of gait and balance can be measured, such as aspects of postural sway54 and 

biomechanical parameters of gait initiation.50 It is likely that numerous brainstem regions 

coordinate this range of gait and balance functions, and the PPN is unlikely to be the crucial 

dysfunctional node in all cases where some form of axial dysfunction is present. Indeed, 

authors have suggested that patients with predominant FoG in the absence of other major 

gait and balance disturbance may be the most appropriate candidates for PPN DBS.45  

 

The ventrolateral pontine tegmentum up to the mesopontine junction, where the PPN 

resides, is anatomically compact and difficult to target. Large lateral ventricles, typical of the 

atrophied brain seen in these patients, can make viable trajectories quite limited, and there 

remains no consensus on where to identify and target the PPN from MRI scans,55 despite 
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pronouncements from some authors.56 It would also seem inevitable that DBS 

macroelectrodes targeted towards the PPN will, in some cases, end up primarily in other 

nuclei, and also that stimulation will spread to other areas of putative importance in gait. 

When a stereotactic surgery is performed, directed at a particular target, the question can 

always be asked “where did the electrode end up?”. What naturally follows from this are the 

questions: “What are the limits of certainty on attribution of anatomical nomenclature?”, and 

“By what parameters can such an attribution be made?”. Indeed, authors often acknowledge 

this uncertainty in reporting their results, finding it hard to honestly report that therapeutic 

electrodes are in the PPN or other nuclei.45 All this uncertainty provides context for 

interpreting the highly mixed clinical results of PPN DBS; some studies report improvement 

in FoG,46,57 others report improvement in falls,48 other groups report improvement in 

balance,54 and individual patients within cohorts have shown convincing improvements in 

different parameters under double-blinded assessment.45,48 Of note, these reports do indeed 

highlight different therapeutic locations (e.g. caudal PPN versus rostral PPN/cuneiform), 

which would unsurprisingly point to stimulation in different locations of the ventrolateral 

pontine tegmentum giving different effects.  

 

Returning to FoG, the caudal PPN appears to be the target of choice46 and seems to act by 

relieving a block to pre-prepared movement.58 Although, due to uncertainty in localisation, 

the proximity of the caudal PPN to the locus coeruleus raises the possibility that effects could 

be attributed to the latter, in view of the noradrenergic hypothesis of FoG espoused by 

some.25,59,60 Nonetheless, FoG is an episodic phenomenon and as such it would make sense 

for treatment to be delivered in an adaptive (otherwise termed closed-loop) fashion, 

delivering stimulation on freezing, reminiscent of initiating locomotion in the decerebrate 
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cats through stimulation of the MLR. Indeed, this was proposed by Beudel and Brown in 

201661 following the observation of low frequency (5-12Hz) PPN region activity as a putative 

signature of FoG.62,63 Themselves believing this signal was at 1-8Hz,64 this was later attempted 

in Florida by Molina et al. where standard bilateral GPi stimulation was supplemented by 

closed-loop bilateral PPN stimulation, regulated by detection of increased 1-8Hz power at the 

site of implantation.65 Their results were promising, in so far that three of five patients had 

very significant improvement in FoG, however, two patients deteriorated. Such an approach 

requires further investigation, as well as the possibility of kinematically driven closed-loop 

stimulation. Standard PPN DBS alongside DBS at other nuclei has also been explored in order 

to improve FoG, as an otherwise resistant symptom to treatment. This includes concomitant 

stimulation of the STN,47 the zona incerta,66,67 and the GPi.68 Although the possibility of 

counteracting or confounding therapeutic effects of PPN DBS with this strategy should be 

considered, all these studies reported additive improvement through dual stimulation, 

highlighting this as a serious clinical option for patients with the appropriate motor symptom 

profile. An alternative approach to accessing the PPN is to modulate an important input 

nucleus to the PPN. The major subcortical input to the PPN arises from the GPi and the 

substantia nigra pars reticulata (SNpr),69 with the effect of GPi DBS already having been 

commented on. The PPN is under direct inhibitory GABA-ergic tone from the SNpr,70–73 and 

with SNpr overactivity being characteristic of PD, it would seem reasonable that SNpr 

stimulation at the appropriate frequency would be able to drive or reduce this tone on the 

PPN, with the possibility of reducing FoG. This was first explored by Chastan et al. who 

revealed that SNpr DBS improves axial motor symptoms (assessed globally) as well as some 

aspects of gait initiation, although FoG was not examined explicitly.74 Weiss et al., 

acknowledging the evidence for the role of the PPN in FoG, also pursued this 
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neuromodulation strategy of targeting SNpr with the aim of modulating descending 

nigropontine neurons.75 They used bilateral dual nigral-STN DBS with a ‘two-birds-one-stone’ 

technique, the SNpr lying caudally adjacent to the STN. They used interleaved high frequency 

(125Hz) pulses and specifically demonstrated additional improvement in FoG with combined 

stimulation, whereas postural control and axial motor function more globally were 

unchanged compared to lone STN stimulation.  

 

In summary, it remains unknown why the PIGD symptoms, and FoG specifically, of some 

patients improve with treatment, and with others it does not. There is a lack of consensus on 

where and how to target the PPN, with a range of anatomical and imaging factors as well as 

variability of the brain stem between different patients compounding the challenge. This 

problem of uncertainty and inconsistency in electrode location likely contributes to observed 

variability in outcomes. Although stimulation of the PPN region may improve a range of axial 

symptoms, indication for PPN DBS per se, and therefore patient candidacy, should probably 

be restricted to severe FoG and associated falls (not associated with dopamine withdrawal) 

and in the absence of other major refractory gait abnormalities. The scoring systems for FoG 

are used inconsistently between studies, and their weaknesses in capturing changes in FoG 

may explain some negative findings. There is no consensus on whether unilateral or bilateral 

implantation should be the preferred approach. Although studies have been performed 

across a wide low-to-middle frequency range, stimulation at lower frequencies has become 

preferred,76,77 with the prospect of closed-loop stimulation in its infancy.  A comprehensive 

clinical review can be found by the Movement Disorders Society PPN DBS Working Group.78  
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Table 1.  Freezing of gait outcomes from DBS to the pedunculopontine nucleus in Parkinson’s 

Disease. 

Authors Year Centre Uni or 
bilateral 

Hz N Outcomes Metrics 

Plaha et al.44 2005 Bristol Bilateral 20-
25 

2 Both improved in short 
term. 

UPDRS-
PIGD, 
Tinetti 

Mazzone et 
al.77 

2009 Rome Mixed 25 12 Significant 
improvement. 

UPDRS-
PIGD 

Moro et al.48 2010 Toronto Unilateral 50-
70 

6 No significant 
difference under 
double blind 
assessment 

UPDRS-
PIGD 

Ferraye et 
al.45 

2010 Grenoble Bilateral 15-
25 

6 Small significant 
improvement in off-
drug, not on-drug 
condition under double 
blind assessment 

UPDRS- 
PIGD, 
GFQ 

Thevathasan 
et al.46 

2011 Brisbane Bilateral 35 5 Significant 
improvement. All 
patients improved.  

UPDRS- 
PIGD, 
GFQ 

Welter et 
al.50 

2015 Paris Bilateral 20-
40 

4 All improved UPDRS-
PIGD, 
RSGE 

Mestre et 
al.79 

2016 Toronto Unilateral 60-
70 

6 Significant 
improvement in off-
drug, not on-drug 
condition under double 
blind assessment at 2 
years but not 4 years.  

UPDRS-
PIGD 

 

 

2.3 SURGICAL ANATOMY OF THE VENTROLATERAL PONTINE TEGMENTUM 

 

The ventrolateral pontine tegmentum is a cytoarchitecturally and functionally complex 

region, leading to varying accounts of parcellation and nomenclature. The PPN80,81 or 

pedunculopontine tegmental nucleus (PPTg)82 divided into compacta and dissipata subnuclei 

has more recently been revised to three nuclei: the pedunculotegmental nucleus (PTg), 
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isthmic reticular formation (isRt) and the retroisthmic nucleus (RIs).83  At the caudal pole of 

this complex, the thin ventrolateral tegmental area (VLTg) separates the RIs from the medial 

lemniscus, and continues caudally as a larger structure than previously described.82,83 The PPN 

itself is not a traditional nucleus per se, but is a diffuse reticular nucleus with indistinct 

boundaries. The relevant atlases describing it use cytoarchitectural features that may 

underestimate its size. Immunohistochemical approaches suggest it may indeed be better 

defined with greater caudal extension.84,85  

 

The SCP is found closely adjacent, essentially medial to the PPN; this relationship is reflected 

in the naming of the PPN. It is medioventral rostrally and transitions to mediodorsal caudally, 

with cells of the pars dissipata (rostral) intermingled with SCP fibres. While the caudal portion 

of the PPN is medially bounded exclusively by the SCP, at its rostral end, it is medially bordered 

by the central tegmental tract (CTgT), with close proximity to the mamillotegmental tract, 

para/trochlear nuclei, and medial longitudinal fasciculus. The spinothalamic tract (STT) is 

found laterally to the PPN, the lateral lemniscus (LL) is found dorsolaterally, and the ML is 

found ventrolaterally, where it separates the PPN from the SN at its rostral pole. The rostral 

portion of the PPN is bounded dorsally and dorsomedially by the CnF, and ventrally by the 

retrorubral fields. The caudal pole of the PPN is in close proximity to the lateral parabrachial 

nuclei.   

 

The relationships described above demonstrate how anatomically congested this region is, 

and how stereotactic targeting is destined to be challenging. It also points to side effects of 

stimulation that are to be expected with increasing voltage of stimulation or slight 

misplacement. These include paraesthesias (ML, STT), buzzing (LL), oscillopsia (ocular nuclei), 
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autonomic dysfunction (CTgT), as examples. Acknowledging the distance from the PPN from 

the bicommissural plane and large non-linear inter-individual variation in brain stem 

anatomy, achieving accurate a reliable targeting of this region is a daunting prospect. This 

difficulty likely contributes to variation in outcomes between centres and within centres. Our 

group implants and stimulate more caudally than most groups,46 simply on the empirical 

grounds of our own experience that such stimulation is more effective. However, the lack of 

consensus on what to target in the PPN region (e.g. rostral versus caudal versus CnF) and how 

such targeting should be both defined and appraised, is important to acknowledge.  

 

2.4 NEUROIMAGING OF THE PEDUNCULOPONTINE NUCLEUS 

 

Neuroimaging of the PPN is challenging due to anatomical features described above, such as 

cell density, which manifest as low grey-white matter contrast in the region. Imaging of the 

PPN, like other deep brain nuclei, is also somewhat technically handicapped due to the 

relatively longer distances from the MR receiver array, compared to cortex. A method was 

proposed by Zrinzo et al. where the possibility of using a 1.5T proton density acquisition for 

visualising the PPN was investigated. Despite claims that direct localisation of PPN was 

possible in all cases, the method has not been taken up widely and needs further validation 

to establish whether what is ascribed as the PPN is indeed the PPN and the PPN alone, and 

not another nucleus in the region. High field MP2RAGE acquisitions, known for generating 

good grey-white matter contrasts, have also been used,86 and are probably superior to low 

field proton density if they are available.  
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Unique features of the PPN’s location are open to exploitation in order to indirectly target the 

nucleus. These are primarily the PPN’s proximity to major white matter tracts, which are 

easily discernible with diffusion MRI due to their high fractional anisotropy (FA). The 

application of the diffusion tensor model and visualising the principle diffusion directions 

delineates the SCP clearly, and has been proposed as an anatomical landmark from which the 

location of the PPN could be estimated.87 Similarly, FA contrast has been proposed as useful 

for locating the PPN, with its feasibility demonstrated and validated in a post-mortem human 

brain.88 Another alternative leveraging diffusion MRI is a deterministic tractography-based 

approach. This involves reconstructing the SCP, spinothalamic tract, and medial lemniscus, in 

order to help triangulate the PPN and demarcate a viable surgical corridor.86 This process 

could be feasibly automated. Bianciardi et al. have developed and validated a probabilistic 

atlas of the mesopontine tegmentum.89 This is publicly available and based on the 

combination of 7T diffusion MRI-derived FA contrast and T2-weighted MRI contrast. The 

template delineates five nuclei in the region: CnF, PTg, oral pontine reticular, paramedian 

raphe, and caudal linear raphe. This is designed for co-registration to standard structural MRI 

scans, which could be helpful in targeting the PPN. Alternatively, if comparable high 

resolution MRI data was required, the same semi-automated process they used to generate 

the atlas could be used in individual PPN DBS patients. In summary, while the ventrolateral 

pontine tegmentum is a challenging brain region to image, the high spatial contrast in its 

diffusion properties indicate that individualised diffusion tractography data may have utility 

in surgical targeting and assessing surgery to the PPN.  
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2.5 EXPERIMENTAL WORK WITH PATIENT-SPECIFIC STRUCTURAL CONNECTOMES - see 

Journal of Neural Transmission, Volume 128, Issue 5, 2021, Pages 659-70 for associated published manuscript  

The reasoning for the employment of diffusion MRI in DBS is three-fold, a) stimulation is likely 

to modulate the functioning of regions with which it is structurally connected, b) regional 

anatomy can be ‘fingerprinted’ by its connectivity profile, giving an individualised (non-atlas 

based) approach to identifying targets not readily discernible from imaging contrast, and c) 

connectivity estimates between known regions can give insights into individual pathology and 

evolution of disease. Given the current uncertainties concerning PPN DBS, connectomic data 

is therefore highly relevant. Current data are limited to PPN tractography in healthy 

individuals,90 and single DBS cases,91 leaving questions relating to clinical outcomes 

unaddressed. I have therefore used structural and diffusion MRI in a series of PIGD-PD 

patients who underwent DBS targeting the PPN in order to understand the relationship 

between tractography-based structural connectivity estimates of stimulation in the 

ventrolateral pontine tegmentum, and clinical outcomes following surgery. I followed up 

implications of the results by analysing relevant regions of cortical thickness with respect to 

pre-operative symptom severity, as an indicator of atrophy.  

 

2.5.1 Methods 

2.5.1.1 Patients and deep brain stimulation 

Between 2010 and 2012, eight consecutive patients (all male) with severe, medically 

refractory PIGD-PD were scheduled for implantation of bilateral electrodes (Medtronic 

3887/89) in the PPN, undergoing surgery as described elsewhere46 at the John Radcliffe 

Hospital. Briefly, we aim just lateral to the horizontal superior cerebellar decussating fibres in 

the pons. Respecting the lateral ventricles, as vertical as possible a trajectory is taken with 
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the purpose of passing the electrode through this point along the long axis of the PPN. All 

patients were referred to Oxford Functional Neurosurgery, met UK PD Brain Bank criteria, and 

underwent assessment by a consultant neurologist, neurosurgeon, and neuropsychologist, all 

with expertise in movement disorders, before being offered surgical treatment.  

 

Patients were programmed by a neuromodulation nurse experienced in movement disorders. 

Briefly, stimulation from all contacts was systematically explored, beginning with monopolar 

screening at 35 Hz, 60 μs and amplitude titrated with ceilings established by side effects (e.g. 

oscillopsia). Bipolar stimulation was explored for additional benefit/tolerability.  

 

2.5.1.2 Questionnaires 

The GFQ (score/64) was completed by patients pre-operatively and at 1-2 year follow-up.53 

The GFQ, and the Freezing of Gait Questionnaire (FOGQ; score/24), a component of the GFQ, 

were both analysed. UPDRS data were not analysed, as the corresponding PIGD metrics were 

deemed too insensitive.46,50  

 

2.5.1.3 Diffusion imaging acquisition and pre-processing 

Pre-operative MRI was performed on a 1.5T Phillips Achieva using a modified spin echo 

sequence with SENSE parallel imaging. In plane resolution was 1.818 by 1.818 mm2, and 64 2-

mm thick slices were acquired in an interleaved fashion. Diffusion weighting (b = 1200 s/mm2) 

was applied along 32 non-colinear gradient directions, with one non-diffusion weighted 

volume (b = 0). Correction for distortions and subject movement was carried out using the 

FMRIB Software Library (FSL; Oxford, UK).92 The susceptibility-induced off-resonance field 

was estimated using topup.92,93 Instead of using two b=0 spin-echo EPI with opposing PE-
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direction, the field was estimated from a b=0 volume and a structural T2-weighted scan, 

without any distortions. Motion and eddy currents were corrected for using eddy,94,95 with 

outlier detection and replacement.96 Single shell ball and stick modelling of local diffusion 

parameters was carried out using BEDPOSTX, with up to two crossing fibres per voxel.97,98  

 

2.5.1.4 Tractography and statistics 

Probabilistic tractography was carried out using PROBTRACX with distance correction.97,98   

For each of the streamlines generated by PROBTRACX, I counted the number of seeds that 

reached each of the regions described below (2.5.1.6 Termination masks). Those counts were 

explored for linear relationships with clinical GFQ and FOGQ improvement (absolute) by 

calculating both Pearson and Spearman’s rho correlations (two-tailed) in SPSS (IBM, New 

York). Both stimulation cathode and ‘volume of activated tissue’ (VAT) connectivity were 

averaged over left and right for each patient, then compared with the difference between 

pre-operative and follow-up questionnaire scores. Statistically significant relationships were 

assessed further by substituting relative (%) clinical improvement as the dependent variable. 

 

2.5.1.5 Termination masks 

A T1-weighted preoperative image was used to generate parcellated anatomic surfaces using 

Freesurfer (Harvard, USA).99,100 T2 fluid-attenuated inversion recovery (FLAIR) images were 

used for pial surface optimisation. Parcellations of the white-grey matter boundary surface 

were utilised as masks, including the precentral gyrus and postcentral gyrus from the Desikan 

Kelliany Atlas,101 as well as BA 1, 2, 3a, 3b and 6. As no supplementary motor area (SMA) 

parcellation was available, the Harvard-Oxford cortical atlas was used to generate a mask of 

the SMA, which was then registered to MRI scans using FLIRT.102–104 The ICBM-DTI-81 white 
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matter labels atlas was used to generate a mask of the superior cerebellar peduncle (SCP), 

which was cropped to the cerebellar portion only and registered to MRI scans using FLIRT and 

FNIRT.102–105 

 

2.5.1.6 Cathode and volume of activated tissue 

Post-operative computed tomography (CT) images were registered to MRI using FLIRT.102–104 

Lead contacts were identified based on CT artefacts and array dimensions. VAT around the 

cathode was approximated as a sphere, calculated based on a finite element model, utilising 

impedance and voltage data from the DBS system acquired at follow-up.106 VAT is based on 

axonal activation. However, the precise mechanisms of DBS in the PPN region are unknown. 

As such, the cathode contact for each lead was represented as a single diffusion voxel; single-

voxel seed analysis has value as the centroid of any other effects, and for possible targeting 

implications. VAT masks were seeded and tracked to each termination mask. Stimulation 

cathode masks were seeded and tracked to precentral gyrus, BA6, SMA and SCP termination 

masks only. ‘<->’ is used to denote streamlines between seed and termination mask. 

 

2.5.1.7 PPN region 

To assess whether our cathode<->SMA results were driven by the cathode’s precise location, 

tractography from the larger PPN region was carried out. An 8 mm column (four diffusion 

voxels), descending from the mid-inferior collicular level, was used to represent the PPN 

region. Placement was reviewed and agreed on by stereotactic surgeons (doctoral 

supervisors: T. Aziz and A. Green). PPN region masks were seeded and tracked to the SMA 

termination mask only.  
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2.5.1.8 Electrode locations 

The vertical distance between stimulating cathode and the obex was calculated from fused 

CT-FLAIR, then plotted against associated clinical outcomes. Leads were plotted in MNI ICBM 

2009b NLIN ASYM space using Lead-DBS v2.3.107 Coregistration was performed with FLIRT, 

normalisation with ANT,108 electrode reconstruction with PaCER,109 and plotted with nuclei 

from the Harvard AAN atlas110 in Lead Group. 

 

2.5.1.9 Cortical Thickness 

Respecting both somatosensory and motor aspects of the tractography results, cortical 

thickness of respective functional domains were analysed as an atrophy surrogate. Mean 

thickness values were extracted from Freesurfer’s statistical output for BA 1, 2, 3a, 3b, and 6, 

precentral gyrus, postcentral gyrus, supramarginal gyrus, and superior and inferior parietal 

regions.111 These were subjected to correlational analysis, both unilaterally and bilaterally, 

with the severity of pre-operative symptoms (GFQ).112  

 

2.5.2 Results 

Seven of eight patients were successfully implanted with DBS electrodes bilaterally. In one 

patient, one electrode took an errant trajectory, was not revised or utilised, and was 

therefore not included due to its unsatisfactory position. Three of eight patients showed 

deterioration at follow up (Table 2, median = 12 mts, Q1-Q3: 12-16 mts). Adverse outcomes 

from surgery included a small subdural haematoma in patient C, post-operative confusion 

(Salmonella) in patient E, and a post-operative diplopia on left lateral gaze in patient F, that 

resolved by discharge. Side effects of stimulation that bounded stimulation parameters 

included oscillopsia, buzzing in head/eye/nose, tightness around head, tightening of jaw, 
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contralateral arm tremor, and pulling in the eye. Patient H developed a mild dysarthria 

associated with deep breathing, which may have been related to stimulation.  

 

Table 2: Clinical data 

Patient Age at 

Surgery 

Qu Pre-op Improvement  Follow 

up / mts 

Long term outcome 

Absolute % 

A 55 GFQ 55 14  25 12 Still uses at 10 years 

FOGQ 22 7 32 

B 77 GFQ 39 5 13 12 Dead 4 years after 

surgery FOGQ 22 5 23 

C 74 GFQ 22 1 5 12 Dead 3 years after 

surgery FOGQ 15 6 40 

D 56 GFQ 40 2 5 12 Dead 8 years after 

surgery FOGQ 15 2 13 

E 67 GFQ 30 -14 -47 18 Dead 4 years after 

surgery FOGQ 11 -9 -82 

F 71 GFQ 30 -8 -27 29* Dead 4 years after 

surgery FOGQ 11 -3 -27 

G 68 GFQ 43 -3 -7 16 Revision at 18 mts, no 

benefit. Doesn’t use.  FOGQ 21 0 0 

H 71 GFQ 36 12 33 12 Dead 6 years after 

surgery FOGQ 13 -1 -8 

Qu = questionnaire. Pre-op = preoperative. Mts = months *Follow up delayed due to patient 

illness 
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Table 3. Stimulation parameters 

Patient Side Frequency / Hz Amplitude / V Pulse width / μs 

A Left 35 2 60 

Right 35 2 60 

B Left NA NA NA 

Right 35 2 60 

C Left 35 3.5 60 

Right 35 3.5 60 

D Left 35 3.5 70 

Right 35 2.8 90 

E Left 35 4 90 

Right 35 4 90 

F Left 25 4.3 70 

Right 25 4.3 70 

G Left 35 2.5 90 

Right 35 2.5 90 

H Left 35 3.8 60 

Right 35 4 60 

 

2.5.2.1 Tractography 

Under parametric analysis, VAT connectivity with four regions (precentral gyrus, SCP, BA1, 

BA2) demonstrated significant (p<0.05) relationships with clinical GFQ outcomes (Fig.1). 

VAT<->precentral gyrus connectivity alone demonstrated significant relationships with both 

GFQ and FOGQ improvement. All these survived non-parametric assessment (Fig.1). Cathode 

connectivity with two regions demonstrated significant parametric relationships with clinical 

outcomes (SCP: GFQ and FOGQ, SMA: FOGQ only), but neither FOGQ correlation reached 

significance under non-parametric assessment (Fig.1). The negative correlation of 

cathode/VAT<->SCP connectivity with GFQ improvement was not mediated by a correlation 
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with either SCP fractional anisotropy (FA) (r=0.01, n.s) or mean diffusivity (r=0.28, n.s). 

Connectivity with BA6 did not demonstrate any significant relationships with clinical 

improvement (GFQ. VAT: r=0.47, n.s; cathode: r=0.53, n.s), likewise between VAT and 

postcentral gyrus, BA3b (Fig.1), or 3a (r=0.22, n.s). 

 

Most significant findings for absolute change in clinical outcome remained significant when 

assessed against relative (%) change (VAT-GFQ: precentral r=0.77, SCP r= -0.78, BA1 r=0.75, 

BA2 r=0.72; Cathode-GFQ: SCP r=-0.87; Cathode-FOGQ: SCP r=-0.83, SMA r=-0.90). 

Correlation of relative FOGQ improvement and VAT<->precentral gyrus connectivity became 

insignificant (r=0.69, p=0.056). 

 

2.5.2.2 Cortical thickness 

Under parametric analysis, assessed bilaterally, BA6, BA1 and the postcentral gyrus 

demonstrated significant (p<0.05) negative correlations with preoperative GFQ (Fig.2). BA2 

trended to significance (p=0.06). Assessed unilaterally, on the right, only BA6 trended to 

significance in this regard (p=0.053). On the left, BA1, BA2, postcentral and supramarginal 

gyri, inferior and superior parietal regions demonstrated significant (p<0.05) negative 

correlations with preoperative GFQ (Fig.2). BA2 (p=0.06) and BA6 (p=0.07) trended to 

significance. No regions, assessed bilaterally, survived non-parametric testing. Left BA1, BA2, 

left postcentral, supramarginal, inferior parietal remained significant under non-parametric 

assessment, and BA3b trended to significance (p=0.07). 
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2.5.2.3 Electrode locations 

A trend was observed for deeper stimulation being more efficacious (Fig.3). Based on 

exploratory 3-D reconstruction (the limitations of which should be appreciated in its 

interpretation), the patient having the largest benefit (Patient A) from surgery had the PPN 

speared along its long-axis bilaterally (Fig.4). This patient was maintained on monopolar 

stimulation caudal to what is considered the PPN on this atlas, and notably could be 

consistent with proximity to the locus coeruleus or the parabrachial nuclei. Patient B 

improving substantially in gait freezing and falls, had cathodic stimulation close to that of 

patient A, but more anterior. Patient C also improving substantially, speared the PPN along 

its long-axis, with stimulation delivered to the mid-rostral PPN. For patients E, F and H for 

whom stimulation clearly did not improve their freezing of gait, their electrodes did not track 

the long-axis of the PPN bilaterally and cathodic stimulation avoided the PPN and the region 

in continuity-caudal to it. Patient G delivered stimulation in the rostral PPN, patient F had 

unused contacts available in rostral to mid PPN, and patients E and H had no contacts in the 

PPN. The reconstruction indicated that DBS lead trajectories were less oblique for patients 

whose FOGQ scores had not improved at follow up (Fig.4). 

 

2.5.3 Discussion 

2.5.3.1 Electrode positions and targeting 

One patient stood out amongst our small series for overt clinical improvement and patient 

satisfaction, maintained for many years (Patient A). On reconstruction of the electrodes, it 

may not be coincidental that, despite acknowledging limitations in image registration and 

atlas methodologies, his two leads speared the long axes of the PPN bilaterally (delivering 

stimulation caudally), particularly considering the spread of leads in general (Fig.4). Similar to 
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Mazzone et al.113, a trend was observed for deeper stimulation being better (Fig.3). Clinically 

successful stimulation is, at least in our experience, delivered at the caudal PPN, or indeed 

caudal to what is sometimes considered to be the PPN. This raises important questions as to 

whether the PPN is indeed the relevant structure (e.g. in deference to VLTg), whether 

afferent/efferent fibres entering the caudal PPN could be the optimal target, and whether 

the PPN would be better considered as a longer nucleus. Mazzone et al. have identified the 

VLTg / RIs (ventral-caudal PPN) as a likely common location of therapeutic stimulation in their 

patients.113 When considering the original lesional and stimulation primate research 

implicating the PPN, it is difficult to exclude the possibility that caudal structures were 

involved. The PPN is a diffuse reticular nucleus with indistinct boundaries, and the relevant 

atlases describing it use cytoarchitectural features that may underestimate its size. 

Immunohistochemical approaches suggest it may indeed be better defined with greater 

caudal extension.84,85 In addition, the somatosensory and cerebellar tractography results 

(Fig.1) are suggestive of a ventrolateral tendency of effective stimulation as the PPN is 

bounded in that respect by the ML and spinothalamic tract, which both project strongly to 

the postcentral gyrus. That the caudal and rostral PPN should be distinguished is now clear.  

There are major chemical and structural differences, for example, GABAergic neurons are 

much more populous in the caudal PPN,114 and structural connectivity with motor cortices is 

weaker there.115 There is also clinical 45,46 and pre-clinical support for the caudal PPN as the 

preferable target for ameliorating gait disorders.116 

 

In a larger series than ours, it was demonstrated that lead location within the pons did not 

appear to explain variance in clinical outcomes.117 This is difficult to explain, but variation in 

brainstem anatomy likely plays a role. In our series, while precise location of therapeutic 
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cathodes differed substantively, it would appear that patients with robust improvement in 

their gait freezing had lead implants following more anterior-posterior oblique trajectories, 

consistent with the PPN long-axis (Fig.4). The other trajectories only offered the opportunity 

to stimulate the rostral PPN. In addition, there was a trend towards deeper stimulation being 

better (Fig.3).  

 

DBS lead implantation alone can be considered a microlesion intervention along its trajectory, 

with accompanying peri-lead gliosis.118,119 Step length and speed have been observed to 

improve after surgery, in the absence of stimulation, and so has been attributed to a lesioning 

effect.50 As such, disruption of the PPN by implantation through its length could be a critical 

feature of successful surgery to improve gait freezing. Clearly rostral implantation/stimulation 

would not achieve this. As a practical consideration, when large lateral ventricles are present, 

as is often the case in these patients due to atrophy, trajectories to access the pontine 

tegmentum can be very limited. 

 

2.5.3.2 Tractography 

I had good a priori reasons to justify investigating structural connectivity with the regions of 

interest in our study. Neuronal tracer studies have identified frontal cortical projections to 

the PPN, in particular from primary motor and premotor cortices.115,120,121 Considering the 

motor phenomenology of falls and gait disturbance, examining the precentral gyrus and BA6 

is clearly justified. Cerebellar connectivity was also assessed, namely the SCP, as both afferent 

and efferent connections have been established by neuronal tracing,122,123 and the well-

established importance of the cerebellum in motor control and balance. The PPN is located 

between three ascending sensory pathways: the spinothalamic tracts, the SCP, and perhaps 
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most importantly, the medial lemniscus (ML). Considering both the proximity of the PPN to 

the ML, and the typical VAT (radius ≈ 3-4 mm), this implies that when an electrode is placed 

in the PPN, capture of the ascending lemniscal system in the tractography seed is highly likely 

(see Paxinos et al., 2012 for anatomical distances).83 Postcentral gyrus connectivity merited 

investigation, a) as a marker of accurate placement in the PPN, and b) the possibility that 

incidental ML stimulation may contribute to clinical improvement. Indeed, the latter has been 

speculatively postulated by both Moro et al.48 and Mazzone et al.113 Some of our patients 

reported somatosensory paraesthesias with increasing amplitude of low frequency 

stimulation, and there is credible neurophysiological evidence that chronic PPN DBS does 

reversibly neuromodulate the ML.113 Furthermore, evidence is accumulating that suggests 

dorsal column stimulation improves Parkinsonian gait dysfunction and falls.124–127 Therefore, 

although direct anatomical connections between the parietal lobe and PPN have not been 

established, and neurophysiological evidence for such connections is weak,128 I examined 

connectivity between the VAT (but not the cathode) and the postcentral gyrus, as well as its 

functionally distinct divisions (BA 3a, 3b, 1, 2). 

 

Connectivity of the crown (BA1) and posterior bank (BA2) of the postcentral gyrus had a 

stronger correlation with improvement than the anterior bank (BA3a/b). If one posits a causal 

relationship between ML modulation and clinical improvement, one might expect that BA2 

connectivity would be highly correlated. BA2 projects to primary motor cortex,129 but also 

receives proprioceptive input, which it combines with tactile information.130 Left and right 

BA2 also have dense reciprocal callosal projections,131 indicating a function in sided 

coordination. The alternative interpretation is that the positive correlation only represents a 

marker of the PPN lead being located correctly or otherwise. Explicitly, this suggests optimal 



 73 

implantation in the ventral PPN (or the VLTg), i.e. adjacent to the ML, a region that other 

experienced authors with some of the best clinical results have commonly located their 

electrodes.113 The clinical results of PPN DBS have varied substantially between centres, 

which is at least partly attributable to different targeting strategies. One centre reporting 

some of the best results (Rome, Italy), utilises somatosensory evoked potentials (SEPs), and 

by so doing defines or ‘grounds’ the appropriate lead location by its proximity to the ML.132 

Our somatosensory tractography results support the clinical logic and relevance of this 

targeting methodology. 

 

The correlation of VAT<->precentral gyrus connectivity with clinical improvement was robust. 

High connectivity is likely to be a feature of successful PPN-DBS, which emphasises the 

importance of precentral gyrus input to the PPN. Stimulation of the PPN region can elicit 

locomotion in decerebrate animals, ipso facto, without cortical input,133 and in PIGD-PD there 

is a block to the release of pre-programmed ballistic movements, which can be relieved by 

PPN stimulation.58 It is possible cortical modulation of the diseased PPN may function as a 

block to subcortically and spinally located locomotor programmes, which low frequency 

stimulation can release. Chronic dopamine depletion in a rodent model of PD demonstrated 

the development of strengthened, abnormal low frequency functional connectivity between 

primary motor cortex and the PPN, led by the cortex.134 This in principle demonstrates a 

pathological neurophysiological substrate that PPN DBS could ameliorate, which is consistent 

with our tractography results. Conversely, in PD, low frequency functional connectivity 

between the PPN region and the SMA arises during movement preparation on dopaminergic 

medications but not off them.135 Additionally, during motor performance, blood flow to the 

SMA is increased when PD akinesia is treated with dopamine agonists.136 This describes an 
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opposing valence of precentral gyrus- and SMA-PPN interaction that mirrors the motor cortex 

tractography correlations I found for gait freezing. A PET study of three patients implicated 

SMA activation from DBS targeting the PPN, however, as the clinical benefits were both mixed 

and minimal, they are difficult to relate clearly to our SMA tractography findings.137 

 

The SMA correlation with gait freezing I observed was driven by three patients (E, F, H) who 

deteriorated following surgery and had much higher cathode<->SMA connectivity (Fig.1). 

While impossible to exclude, it is difficult to ascribe their high SMA connectivity to placement 

in regions outwith the PPN with potentially higher SMA connectivity, for example, the 

cuneiform nucleus or retrorubral field. Supporting this, all three patients had high PPN 

region<->SMA connectivity (Fig.1), i.e. not just high SMA connectivity with the smaller locus 

where the cathode ended up. Furthermore, these patients also had the lowest pre-operative 

gait freezing severity (Fig.1, Table 2), lending support to the notion that they have a different 

phenotype. Recognising that PD gait freezing can likely arise from different 

pathophysiological processes, it is plausible that when high connectivity between SMA and 

the PPN is present, that this is protective against gait freezing and DBS is liable to disrupt it or 

otherwise leave the principal cause of freezing unchecked. Physiological top-down 

modulation of PPN output will depend on parallel, differential input from the SMA (e.g. 

posture preparation) and precentral gyrus (e.g. step initiation). It is possible that when this 

becomes uncoordinated or unbalanced, that the PPNs role in gait initiation is best served 

purely by subcortical circuits. This is perhaps consistent with findings that PPN DBS does not 

eliminate gait freezing but can improve it in some patients. 
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While VAT modelling is derived from principles of axonal activation, results from ‘cathode 

analysis’ may best represent other mechanisms, such as lesioning, whilst also offering a more 

precise connectivity mapping of the stereotactic target. Regarding the SCP results, high 

connectivity could derive from electrodes being placed too medially, in the SCP. Irrespective 

of any true PPN<->SCP connectivity variance, a negative correlation would be observed if 

electrodes were so positioned. If this is not responsible, it may be that beneficial cerebellar 

outflow (likely excitatory) to the PPN is disrupted by stimulation. However, as the SCP did not 

show signs of degeneration that explained differences in connectivity estimates, the former 

explanation seems most likely.  

 

Overall, our results are consistent with the concept that gait dysfunction in PD has sensory 

and motor components: perhaps even implying a disorder of sensorimotor integration. 

Indeed, some authors have concluded that the PPN is best considered as a nucleus of 

sensorimotor integration.138 

 

2.5.3.3 Targeting and tractography 

Targeting the PPN remains challenging and controversial.139 It is not clearly visible on typical 

MRI scans, and combined with its distance from the bicommissural plane and large non-linear 

inter-individual variation in brain stem anatomy, a consensus on targeting strategy remains 

to be reached.55 Recognising both the difficulty and uncertainties in targeting the PPN region, 

and the limitations in applying atlases, diffusion tractography-based structural connectivity 

estimates offer an objective, ‘clinical outcome grounded’ approach to locating the optimum 

target in this region of the brainstem in an individual patient. This may have the potential to 

supplant or operate as a modifier to targeting based on atlas-based anatomical relations. As 
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described in 2.4. Neuroimaging of the pedunculopontine nucleus, other ways of using 

diffusion MRI for targeting the PPN are also promising.  

 

2.5.3.4 Cortical thickness 

Neuroimaging-derived cortical thickness measurements are well established as correlates of 

cognitive and sensorimotor function. Despite methodological challenges in acquiring accurate 

measurements, rational relationships have been observed between this metric and normal 

cognitive aging,140 as well as a range of neuropathologic processes.141,142Similarly, gait 

dysfunction appears to be reflected in patterned loss of cortical thickness.143,144 It is intuitive 

that depopulation of the cortex via normal or pathological degeneration will lead to a 

decrease in cortical thickness, and that the functional domains pertaining to the involved 

cortical regions will be compromised to some degree.  

 

In this study, since both motor and somatosensory cortices appeared relevant to clinical 

improvement with stimulation; appealing to treatment-disease homology, it seemed 

plausible that atrophy of caudal-frontal and parietal lobes may relate to pre-operative 

symptom severity, measured by GFQ. Although I lacked longitudinal data, as cortical thickness 

in healthy brains has low variance in a given area, I supposed that cross-sectional analysis may 

nonetheless have some value. My results suggest that left parietal lobe, bilateral postcentral 

gyrus, and bilateral premotor cortex atrophy may partly account for the PIGD-PD phenotype 

severity. This adds further support to the concept of gait dysfunction as both a motor and 

sensory failure. Remarkably, when considering divisions of the postcentral gyrus, the same 

pattern of correlation strength (BA3a<BA3b<BA1/2) was observed (Fig.2), as it was with 

tractography (Fig.1). This reinforces suspicion around the role of the posterior part of this 
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gyrus in the dynamics of this disease. Cortical atrophy in PD has been previously studied, using 

both voxel-based morphometry and cortical thickness analyses.145–147 Although specific 

results are mixed, both parietal lobe atrophy, and regions of BA6 (mostly medial) have been 

implicated in PIGD-PD. Loci of hypometabolism in the left postcentral gyrus and left inferior 

parietal lobule, detected by PET, have been observed to characterise PIGD-PD, relative to 

tremor-dominant PD.148   

 

2.5.3.6 Limitations 

The key limitations of the study are primarily those intrinsic to tractography, our acquisition, 

and those related to cohort size. The latter puts large constraints on the power to detect 

relationships, and high likelihood of type II error. For example, I did not find that premotor 

cortex connectivity was important, although I suspected that it would be, given its well-

established involvement in posture and gait.149 Nonetheless, that statistically significant 

relationships were found following investigation of a small number of a priori relevant 

structures, could be a testament to the importance of our findings. On the other hand, one 

must accept that while statistically significant, these results could also have come about by 

chance. As such, they require replication. However, this study nonetheless represents 

substantive progress in tractography analysis of PPN DBS patients with PIGD-PD, and 

highlights prospects for both targeting and re-evaluation of concepts of DBS in the 

ventrolateral pontine tegmentum. 

 

Diffusion MRI tractography benefits from high numbers of gradient directions and high 

angular resolution available from multi-shell acquisitions. Our diffusion data were acquired 

with a single shell formulation with a relatively low number of gradient directions, which 
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lowers the quality of structural information encoded in the data. Nonetheless, it is accepted 

that such a diffusion study can be used to produce meaningful tractography with meaningful 

clinical results.150 These results now need to be challenged with replication. This would ideally 

be carried out with a brainstem optimised acquisition (see Ezra et al.)151, both with higher 

quality angular and spatial resolution (e.g. <1.5 mm isotropic), and in a larger cohort (e.g. 15 

patients). 

 

Isolating the interpretation of the results of studies such as this requires disambiguating 

electrode location-associated connectivity differences from intrinsic connectivity differences. 

The small number of patients in the study made this impractical and is methodologically quite 

challenging in the first instance due to anatomical features of the brain region in question. If 

replication of this study is attempted, a prospective assessment of how this could be achieved 

should be carried out.  

 

Although the VAT model is widely used, it is extrinsically flawed beyond the internal flaw of 

failing to account for theoretically important features, such as local fibre orientation. Indeed, 

its broad application is plainly criticised by its creator (see Stimulating Brains podcast. #10 

Cameron McIntyre, and the same author in personal communications to myself). There are 

some tractography studies where I believe the individualised stimulation field modelling is 

certainly the right approach. A great example of this is published by Vanegas-Arroyave et al.150 

Monopolar stimulation was explicitly used in all patients, with impedances, voltage and 

clinical/side effects all measured in an experiment on the same day. Therefore, there is a tight 

connection between parameters and effects, and validated monopolar models of VAT are 

well established.106,152 This matching/relationship breaks down in the clinical scenarios of 



 79 

many studies. In the simplest case, patients are programmed with a given voltage of 

stimulation and an upper and lower bound. Subsequently, within this range, voltage is patient 

directed and changes while they are in the community. The electrode impedance also changes 

over time, as observed at follow-up. The VAT models depend fundamentally on the voltage 

and impedance values that are inputted, and therefore this uncertainty generates error – 

enough which may well undermine the project. Furthermore, to my knowledge, there are no 

validated models for bipolar stimulation in DBS (although one is available in the Lead-DBS 

package). Experts in and associated with our group think it is questionable to attempt a very 

specific, individualised approach to the VAT that makes the approximation of a monopolar 

model to bipolar stimulation. Another issue that I think may arise in attempting the 

individualised VAT approach is a ‘self-fulfilling prophecy’ effect, which could, theoretically, 

generate spurious connectivity-outcome correlations. Clinically, in our general DBS 

experience, some patients who do not receive benefit from stimulation, will run their voltage 

low (perhaps to avoid side-effects) whereas patients receiving good benefit may tend to raise 

their voltage to the higher bound of what is tolerable/programmed. As larger tractography 

seeds necessarily generate larger connectivity estimates, it is easy to see how this 

individualised VAT approach could generate a bias in a correlation, and results that can be 

misinterpreted. As such, on balance, the elegance and simplicity of performing the same 

tractography experiment for every patient may be favourable in some studies. Nonetheless, 

in this study the VAT model was employed, as patients were maintained on monopolar 

stimulation, and the variability in settings over follow-up was thought to be quite limited.  
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Cortical parcellations generated by Freesurfer are anatomic estimations, not direct functional 

or cytoarchitectonic measures. Therefore, it must be appreciated that some degree of 

inaccuracy will occur. 

 

Our field of view only included the brain and did not extend down into the cervical spinal 

cord. In considering projections from the PPN, rodent data indicate that rostral connectivity 

is much larger than caudal connectivity.153 Nonetheless, diffusion data including the cervical 

spinal cord that could make a meaningful assessment of PPN-spinal cord connectivity would 

be attractive, as these circuits are thought to be important for the PPNs locomotor 

functions.40,133,154  

 

Appropriate patient selection for any surgery is crucial. With regards to PPN DBS, patients 

who suffer severe gait disturbances are highly heterogeneous. Indeed, as aforementioned 

(2.2 Deep brain stimulation targeted to the pedunculopontine nucleus) selection criteria for 

PPN DBS have often included a range of severe gait disorders, not just FoG.45,48 Even among 

patients with severe FoG, there are a range of phenotypes that are likely to be pathologically 

quite different. This includes younger patients who have early, severe, medication resistant 

FoG as the dominant source of motor disability. It also includes more elderly patients who 

develop FoG later in their disease, and patients who develop FoG following DBS of the STN or 

GPi. Improvement of FoG should probably be the aim of surgery, and younger patients are 

probably the best candidates for PPN DBS.78 The cohort in this study had a degree of 

heterogeneity, and notably the patient who benefitted most from surgery (Patient A) was 

significantly younger than most of the others (55 years, mean = 67 years). This might also 
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have had some bearing on the clinical outcome-based correlations, and as such is an 

important limitation to consider in interpreting the results.  

 

2.6 CONCLUDING REMARKS 

 

DBS in the ventrolateral pontine tegmentum targeting the PPN is characterised by higher 

structural connectivity to the precentral gyrus and BA1/2 of the postcentral gyrus when it is 

effective in improving gait and balance symptoms of PIGD-PD. The converse can be said of 

connectivity to the SCP. Stimulating the most caudal and lateral part of the PPN may offer the 

best chance of relieving symptoms, whereas stimulating the SCP medially may worsen them. 

Low cortical thickness of the left parietal lobe and bilateral premotor cortices is associated 

with higher severity of PIGD-PD disease. Together, this points to a sensorimotor mechanism 

of action and underlying dysfunction. 

 

While constituting an advance in the field, results should be viewed as preliminary. This is 

primarily due to small patient numbers and the use of diffusion data not optimised for the 

brainstem. These results should initiate a line of clinical neuroimaging research to evaluate 

and optimise PPN DBS for FoG and falls.  
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CHAPTER 3. CHRONIC NEUROPATHIC PAIN 

ABSTRACT 

Surgery to the thalamus has a long history for treating pain and despite failures remains 

physiologically attractive. Success depends on sophisticated patient selection and accurate 

targeting. Anatomy of the posterolateral thalamus varies substantially between individuals, 

presenting a challenge for surgical targeting. Patient specific, connectivity-based parcellation 

of the thalamus may effectively approximate the ventrocaudal nucleus (Vc). This remains to 

be robustly validated or assessed as a method to guide surgical targeting. A cohort of nineteen 

patients with regional, chronic neuropathic pain underwent pre-operative structural and 

diffusion MRI, then progressed to deep brain stimulation (DBS) targeting the Vc based on 

traditional atlas coordinates. Retrospectively, surgical thalami were segmented then 

parcellated based on tractography estimates of thalamo-cortical connectivity. The location of 

each patient’s electrode array was analysed with respect to their somatosensory (S1) parcel 

and compared across patients with reference to the thalamic homunculus. Ten patients 

achieved long-term pain relief. An average-array was 61% located in the S1 parcel (Q1-Q3: 42-

74%). In patients who achieved long-term benefit from surgery, array location in the 

individually generated S1 parcels was medial for face pain, centro-medial for arm pain, and 

centro-lateral for leg pain. Patients who did not benefit from surgery did not follow this 

pattern. Standard stereotactic coordinates of electrode locations diverged from the 

individualised pattern, signalling the potential of diffusion MRI for improving clinical outcomes 

in pain surgery. Connectivity-based parcellation of the thalamus appears to be a reliable 

method for segmenting Vc. Identifying the Vc in this way and targeting medio-laterally as 

appropriate for the region of pain, merits exploration in an effort to increase the yield of 

successful surgeries.  
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3.1 ANATOMICAL SUBSTRATES OF PAIN 

 

A neural system conveying a signal of noxious stimuli is present in taxa of distant phylogeny, 

with many anatomical and biochemical features highly conserved. Reflexive response to and 

volitional motivation by noxious stimuli is of clear adaptive value. In humans, this is 

demonstrated with most clarity in the misfortune of individuals who lack this signal (e.g. 

congenital insensitivity to pain +/- anhidrosis: CIP/A). Contrasting with the concrete, objective 

concept of noxious stimuli, the experience of pain itself is harder to define: a higher order, 

subjective, multi-dimensional (sensory-discriminative, affective-motivational, cognitive-

evaluative) phenomenon that likely requires a more complicated neural architecture than 

many species possess, or at least phenomenologically differs between species. Indeed, 

despite pain being the prototypic and most common complaint for seeing a doctor, and 

despite efforts of generations of physicians and scientists, patients might be surprised to 

know that the neurological basis for their symptoms are so inconclusively understood. This is 

particularly true of maladaptive chronic pathological pain, in comparison with adaptive acute 

physiological pain.  

 

In this evolutionary context, in humans, the ascending nociceptive pathways can be 

considered based on incremental phylogenetic antiquity, as described by Mehler in 1957,1 

and developed by Bishop in 1959.2 This framework appeals through the protopathic 

complement present in species sharing increasingly distant common ancestors to man and 

acknowledging the respective development or lack thereof of the forebrain. In order, this 

terminology includes the archispinothalamic, paleospinothalamic, and neospinothalamic 

tracts. The former involves unmyelinated fibres that take more complex, diffuse, and bilateral 
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routes, mostly to the brain stem, and to a lesser extent the medial thalamus and 

hypothalamus, whereas the latter involves myelinated fibres that take a simpler, more 

unilateral projection with retained somatotopy aimed to the lateral thalamus.  

 

Taking an evolutionary perspective, each pathway in turn can be interpreted to ‘add 

something’ to the collection, transmission, and integration of nociceptive information, and in 

man, also to his pain experience. This must also have provided a significant adaptative 

advantage. For example, the sensory-discriminative pain system may be more advanced in 

primates as we have the manual dexterity and cognition to better target our actions to 

relieving the external cause, whereas in comparison, the relevance of such a precise system 

in an amphibian is less obvious. Chronic neuropathic pain, resulting from injury or disease, is 

conversely not adaptive and can be attributed to some aspect of this pain architecture not 

working properly. As such, the aim of neurosurgery in treating chronic pain has been to 

understand the relevant anatomy and physiology of pain and intervene at a relevant structure 

to produce analgesia.  

 

An excellent review of the anatomical substrates of pain can be found in work by Lenz and 

colleagues, and from which much of the following summary is inspired.3 Afferent nociceptive 

signals are transmitted from the periphery by small, thinly myelinated Aδ and small, 

unmyelinated C fibres: pseudounipolar neurons with soma in the dorsal root ganglia.4,5 These 

fibres enter the spinal cord via the lateral division of the dorsal root, entering through 

Lissauer’s tract before synapsing in the dorsal grey horn.6 A similar schema exists for head, 

facial, and intraoral structures, with soma in cranial ganglia (Meckel’s ganglion: V, geniculate 
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ganglion: VII, petrosal ganglion: IX, and jugular ganglion: X) synapsing in the spinal trigeminal 

nucleus, a long structure spanning the pons to the upper cervical cord. 

 

Aδ fibres predominantly synapse in Rexed lamina I,7,8 with a minority synapsing in lamina V,9 

whereas C fibers also synapse in lamina I but mostly synapse in lamina II:10 the substantia 

gelatinosa.11,12 Some C-fibre pathways ascend and descend in a multi-synaptic route through 

the cord via laminae IV to VIII, before ascending to more rostral targets. Lamina II is notable 

for its receipt of descending modulation from the somatosensory cortex travelling in the 

corticospinal tract,13 as well as from brain stem nuclei travelling in the dorsal lateral 

funiculus.14 Indeed, nociceptive cells in dorsal horn are in receipt of descending modulation 

from a range of brainstem nuclei, including projections from the hypothalamus,15 

periaqueductal grey,16 locus coeruleus,17 and raphe magnus,18 among others.  

 

Two major spinal cord funiculi transmit nociceptive fibres: the dorsolateral funiculus and the 

anterolateral funiculus. The post-synaptic dorsal column system is a minor pathway involved 

in visceral pain signalling, arising from deep Rexed laminae and ascending in the medial aspect 

of the dorsal columns.19,20 Predominantly arising from laminae III and IV, these neurons 

synapse in gracile and cuneate nuclei of the cervico-medullary junction, as a relay to the 

thalamus. The former is notably recognised as signalling pelvic visceral sensations. The 

dorsolateral funiculus transmits the myelinated spinocervicothalamic system, which ascends 

ipsilaterally to the lateral cervical nucleus, after which approximately one third of post-

synaptic neurons decussate and join the medial lemniscus to terminate in the region of the 

thalamic ventral posterior nucleus, and two thirds of post-synaptic neurons are directed to 

the midbrain.21 Lamina I neurons projecting to the midbrain also travel in the dorsolateral 
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funiculus.22,23 The anterolateral funiculus is dominated by neurons that ascend to the 

brainstem: loosely grouped as the spinoreticular and spinomesencephalic tracts (arising from 

deep laminae in this fasciculus).24 Targets include the tectum, periaqueductal grey, 

parabrachial complex,25 and throughout the medial ponto-medullary reticular formation.26,27 

Distribution is bilateral but denser ipsilateral to the side of assent. A minority of neurons in 

these funiculi comprise the spinothalamic tract. The spinothalamic tract is mostly a 

contralateral system, having decussated in the anterior commissure, except in the caudal cord 

where ipsilateral projections are dominant.28 The spinothalamic system has two divisions: 

medial and lateral. Laminae I and V characteristically supply the lateral thalamic targets, and 

laminae VI-VII the medial thalamic targets.29–31 Notably, there is a substantial lamina I input 

to a region at the caudal pole of VPL.32,33  

 

Thalamic anatomy has been famously confused through the numerous atlantean 

terminologies employed, with their broad but not completely corresponding homology. 

Major systems of nomenclature includes those of Hassler, Feremutsch and Simma, Hirai and  

Jones, Percheron, and Morel, although there are many others.34 As results of neuronal tracing 

and physiological studies are reported with such different thalamic terminology, the project 

of comparing and integrating these results faces that added challenge. In considering the 

lateral thalamus, there is general agreement on a ventral caudal (Vc) or ventral posterior (VP) 

mass, with external (or lateral: VPL), and internal (or medial: VPM) subdivisions, themselves 

distinctly divided by the arcuate lamina (lamella arcuata). The lateral mass may be justifiably 

further subdivided based on cell density into anterior and posterior components (e.g. VPLa - 

low, VPLp – high, by both Hirai and Morel).35,36 The medial inferior margin of the VP mass is 

sometimes given special designation (e.g. VPI and parvocellular VPM by Morel), and of 
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relevance to spinothalamic terminations in the thalamus an inconsistently named and divided 

set of nuclei are found posterior and posteroinferior to the medial VP mass. For example, 

within Morel’s framework this territory includes the anterior pulvinar (APul), the posterior 

nucleus (Po), and the limitans-suprageniculate (SG),35 whereas within Hassler’s framework 

these are described within the ventrocaudal terminological tree.37 

  

The VPI, nestled between the ventral aspects of VPL and VPM, is traversed by lemniscal fibres 

destined for these nuclei. The medial lemniscal and spinal trigeminolemniscal neurons 

terminate densely in the VPL and VPM, observed as parvalbumin-positive staining. The Po 

and SG also function as the inferior portal to the thalamus (collectively, Hassler’s nucleus 

limitans portae), particularly for spinothalamic fibres, and in contrast to lemniscal fibres, 

there is also a dense focus of terminations there (the Po/Sg).38,39 Dorsal to this, the APul, 

mostly corresponding to Hassler’s ventrocaudalis portae, also has an anatomic portal function 

in passing fibres anteriorly to VPL and VPM. Terminations also occur there (the APul), within 

the VPL and VPM, and continue further anteriorly to the posterior ventrolateral nucleus 

(VLp),40 commonly known as Hassler’s ventral intermediate nucleus (VIm): the 

cerebellothalamic relay. Conversely, lemniscal termini are constrained to the VP,40,41 where 

they exhibit exquisite somatotopy. Fibre bundles enter posteriorly and run anteriorly, forming 

laterally convex parasagittal sheets. These are stacked mediolaterally, with receptive fields 

progressing from intraoral, face, thumb, fingers (radial to ulnar), arm, and leg.42 On this 

background of parvalbumin-rich, cytochrome oxidase-rich lemniscal neurons, calbindin-rich, 

cytochrome oxidase-weak spinothalamic (VPL) and trigeminospinothalmic (VPM) neurons 

terminate in burst-like or archipelago-like clusters throughout the complex.43 The principal 

cortical target of VP is the primary somatosensory cortex, and is thought to be crucial to the 
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sensory-discriminative component of pain. Although notably, the lemniscal fibres arrive at 

layers III and IV of the cortex, whereas spinothalamic fibres arrive more superficially at layers 

I and II.40,41,44 

 

The caudal pole of VP has become a region of increasing interest with respect to pain. Craig’s 

posterior ventral medial nucleus (Vmpo), characterised by high insula and cingulate 

connectivity, was immediately controversial,45 and has ultimately not survived critical 

examination regarding claims as an exclusive focus of lamina I, high-threshold, calbindin-

positive, thermo- and nociceptive specific neurons.46 Nonetheless, there clearly is a region 

medial of the caudal pole of VP that is particularly calbindin-rich, and probably corresponds 

to the APul and/or possibly Po. Indeed, this thalamic neighbourhood principally projects 

cortically to parasylvian territories. In the monkey, Po and APul project strongly to retroinsular 

cortex, and SG to posterior (granular) insula.47,48 A recent study of 42 patients with thalamic 

vascular injury, 31 of whom developed thalamic pain (Déjerine-Roussy syndrome), identified 

APul as the region of maximal lesion convergence (97%) in those with central pain, contrasting 

with only 40% in those without pain.49 Recent human invasive neurophysiology also supports 

APul having an important role in nociceptive processing.50 

 

The medial thalamus is also in receipt of spinothalamic and spinotrigeminothalamic fibres, 

mostly arising from deep Rexed laminae,28,51 and is thought to mediate suffering or the 

affective-motivational dimension of pain. They enter through the internal medullary lamina, 

which divides medial and lateral thalamus, traverse the centre median nucleus (CM), 

principally entering the caudal pole of the central lateral nucleus (CL), and mostly terminate 

in the posterior region of that nucleus.52 A minority terminate more anteriorly in CL, as well 
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as in the parafasicular nucleus (Pf) and paralaminar regions of the mediodorsal nucleus. The 

intralaminar nuclei characteristically project diffusely across cortex, mostly terminating at 

layer I but also III and VI, however, projections are most dense to the cingulate, insula, and 

parasylvian regions.53–55 In addition, these nuclei give rise to extensive ipsilateral 

thalamostriate projections.56,57 

 

3.2 THE THALAMUS AS A PUTATIVE SURGICAL TARGET TO TREAT CHRONIC PAIN 

 

The overwhelming majority of nociceptive fibres ascending in the anterolateral system 

terminate in the brain stem, with only a minority reaching the thalamus. As such, this could 

argue against the thalamus as a prime surgical target to treat recalcitrant chronic pain. Four 

arguments arise against this (see Fig.1). A fifth point of context is that the brainstem is deep 

and highly anatomically congested, which is problematic for targeting and stimulation 

induced side effects. As a deeper structure, it is surgically/stereotactically more difficult to 

reach than the thalamus.  

 

Head and Holmes postulated in the early 20th century that thalamic imbalance in protopathic 

and epicritic functioning was important for neurogenic pain.58 While they highlighted a 

thalamic inhibitory process involving cortico-thalamic transmission, in the mid-20th century, 

Kendall postulated a similar thalamic process but arising from spino-thalamic transmission.59  

At the end of the 20th century the observation of thalamocortical dysrhythmia (increased 

coherence of low-frequency gamma oscillations) through magnetoencephalography (MEG) 

implicated dysfunctional thalamocortical loops in the neurogenic pain state.60 At a similar 

time, Craig postulated that central pain arises when integration of pain and temperature 
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fails,61 a form of thermoregulatory dysfunction, inspired through results from the thermal grill 

illusion experiment.62 Anatomically, this was grounded in a specific thalamic nucleus 

mediating spinal afferents and cortical projections.63,64 Ultimately, most theories finesse a 

theme of central disinhibition or sensitisation with concomitant hyperexcitability and activity 

of spinal and/or supra-spinal neurons. However, the thalamus recurs as a fundamentally 

important node, which advocates for the thalamus as a putative surgical target in 

ameliorating chronic pain.  

 

3.3 HISTORICAL REVIEW OF STEREOTACTIC APPROACHES TO TREATMENT OF PAIN 

 

The surgical approach to pain has been rooted in understanding of functional anatomy and 

physiology built up from scientific results in a range of disciplines. The rationale has been that 

interruption or modulation of neural pathways than convey, supress, amplify, or integrate the 

pain experience could result in therapeutic benefit. Below, the clinical experience of 

brainstem, thalamic, and cortical targets are summarised.  

 

3.3.1 Brainstem 

3.3.1.1 Parabrachial complex 

The parabrachial complex both receives ascending nociceptive inputs and also play a role in 

descending pain modulation via the rostroventral medulla.65 Animal studies demonstrated 

evidence of stimulation induced analgesia,66 precipitating investigation in humans with 

success in two patients with morphine-resistant malignant pain.67  Similarly, stimulation of 

the subparabrachial nucleus (the Kölliker-Fuse) specifically, induced inhibition of dorsal horn 
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neurons to noxious stimuli in cats.68 Young et al. targeted this nucleus in humans with some 

success, along with some undesired effects (compulsive stimulation with social withdrawal).69   

 

3.3.1.2 Mesencephalic tracts 

Open mesencephalic tractotomy was advanced by Walker (Chicago) in 1942,70 and the 

stereotactic procedure (SMT) by Mazars et al. (Paris) in 1960.71 The logic of the procedure is 

to interrupt the ascending coalesced spinothalamic and trigeminal spinothalamic tracts as 

they traverse the midbrain, with the aim of treating unilateral, contralateral pain. As a 

lesioning procedure in an anatomically congested area, neurological complications are of 

considerable concern.72 Idiosyncratic to this procedure, patients can develop a severe 

dysaesthesia.73 Some surgeons augmented the procedure medially in order to target the 

mesencephalic reticular formation.74 Nonetheless, SMT has survived in the surgical 

armamentarium as an option for treating unilateral head and neck cancer pain.   

 

3.3.1.3 Periaqueductal grey  

Following lesioning procedures, pain often returns after a period of relief. As a therapeutic 

modality, deep brain stimulation (DBS) gives the opportunity to change stimulation settings 

over time, in a hope to combat such recurrence when longer-term pain relief is required. As 

such, DBS for pain became an attractive concept in the treatment of non-malignant pain. DBS 

of the periaqueductal grey (PAG) followed from experiments in mammals demonstrating 

analgesic effects.75 Hoshobuchi in San Francisco76 and Richardson in New Orleans77,78 both 

found similar effects in 1977 with malignant and non-malignant pain in man, with the former 

utilising a placebo (dummy battery) to validate the acute analgesia observed. Naloxone 

reversibility of the effect was demonstrated, and increased beta-endorphin and enkephalins 
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were found in ventricular cerebrospinal fluid (CSF) following stimulation, thus implicating an 

opioid based mechanism.76,79,80 Naloxone reversibility was later questioned by Young,81 who 

would nonetheless confirm raised levels of CSF beta-endorphin and enkephalins that were 

elicited by stimulation.82 The involvement of the opioid system would remain a contentious 

issue, particularly when the methodology used to determine CSF opiate reactivity was shown 

to be flawed.83 More recently, opioid radioligand positron emission tomography (PET) has 

been used to demonstrate that rostral dorsal PAG DBS results in endogenous opioid release 

in the caudal dorsal PAG.84 However, as this observation was not correlated with analgesia, 

which in this study was not naloxone reversible, its importance remains unclear. A 

comparison of dorsal and ventral electrodes suggests that the naloxone question may be 

partly explainable by placement, with dorsal DBS analgesia being opioid driven.85 Since the 

PAG is known to function as part of a descending modulatory system via the serotonergic 

raphe nuclei, a serotonergic mechanism has also been considered. There is some evidence 

that tolerance to PAG DBS can be augmented with serotonin precursor supplementation.86 

 

Clear and well-articulated pre-clinical support, combined with promising clinical results, led 

PAG DBS to gain popularity and to being used extensively, particularly in combination with 

thalamic stimulation (Table 1). This popularity quickly faded following the failure of two multi-

centre, industry-funded, open-label, non-controlled trials to meet primary endpoints for 

efficacy.87 In addition, common early indications, such as failed back surgery syndrome and 

chronic lower back/leg pain, later proved to be well catered for by spinal cord stimulation.88,89 

Despite these trials, PAG DBS continues to be used off-label,90 with surgeons typically 

favouring the more rostral PAG (usually termed the periventricular grey: PVG) due to the side 

effects (e.g. oscillopsia, gaze palsies) often experienced at the more caudal and anatomically 
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congested midbrain level. The PAG appears to possess somatotopy, which can guide 

electrode placement intra-operatively.91,92 While well supported indications for PAG DBS are 

unclear, with post-stroke central pain notoriously difficult to treat medically, PAG appears to 

be the surgical target of choice, with clinically meaningful benefit maintained at two years in 

up to 70% of patients.93 Benefits are in the sensory dimension of pain (not affective or 

evaluative), and this typically requires decreasing frequency and voltage overtime as 

tolerance develops.94 Currently, a randomised controlled trial (RCT) is planned at Oxford for 

the assessment of dual central grey/lateral thalamus DBS for post-stroke pain.  

 

Table 1. Illustrative papers on deep brain stimulation of the PAG/PVG and VPL/VPM 

Author Year Place Number 

(bilateral) 

Diagnoses Success % Follow up 

PAG/PVG 

Plotkin 95 1982 Johannesburg 48 (0) S, P, N  79% 3 yrs 

Hosobuchi 1986 San Francisco 16 (16) S, P, T, N 69% 2-14 yrs 

Kumar 96 1997 Saskatchewan 49 (3) S, P 71% Avg 7 yrs 

VPL/VPM 

Hosobuchi 198 San Francisco 76 B, S, P, T 58% 2-14 yrs 

Siegfried 97 1987 Zurich 89 (4) B, S, P, T 79% 6 mts – 6 

yrs 

Gybels 98 1993 Leuven 36 (0) B, S, P, T 31% Avg 4 yrs 

Kumar 96 1997 Saskatchewan 16 (0) B, P, S, T 44% Avg 4 yrs 

Yamamoto 99 2006 Tokyo 18 (0) P 78% 1 yr 



 105 

Pereira 100 2007 Porto 12 (0) P 75% 1 yr 

Mixed PAG/PVG - VPL/VPM 

Levy 101 1987 San Francisco 141 B, S, P, T, N 30% Avg 6 yrs 

Hamani 102 2006 Toronto 20 B, S, P, T, N 25% Avg 5 yrs 

Rasche 103 2006 Heidelberg 56 B, S, P, T, N 36% Avg 3 yrs 

B = Brain lesion, S = Spinal cord lesion, P = Peripheral lesion, T = Trigeminal distribution, N = 

Neoplasia 

 

3.3.2 Diencephalon 

3.3.2.1 Hypophysis 

Reduction in malignant pain following hypophysectomy was first observed in 1953 by Luft 

and Olivecrona working in Stockholm.104 The operation was performed for advanced prostatic 

and breast malignancies, with the rationale that tumours appeared to be hormonally driven, 

based on observations with hormone drugs, castration, and adrenalectomy.105 Also in 

Stockholm, stereotactic radiosurgery (SRS) to the pituitary was introduced in 1972,106 with 

stereotactic chemical hypophysectomy following in 1977.107 

  

Indication broadened to other malignancies, and pathological examination after successful 

chemical hypophysectomy demonstrated destruction of the pituitary stalk and loss of the 

median eminence and supraoptic and paraventricular nuclei, leading the authors to speculate 

that posterior pituitary hormones or related peptides were involved in central pain 

processing.108 Initial results in post-stroke central pain (SRS and invasive ablation) were 

promising,109,110 but longer-term results (1-year) were disappointing.111 Some interest in 

hypophysectomy for malignant pain has been maintained, based on historic success rates of 
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75%.112 Similar response rates have been achieved, although for most, pain recurs over 

months.113 Nonetheless, an SRS RCT is planned for opioid-refractory pain secondary to a 

terminal malignancy (any origin), to help establish any possible role for the treatment in 

modern end-of-life care.114 The mechanism of action remains largely a mystery, although 

notably, the dorsal horn is modulated by the anterior pituitary. Thyroid-releasing hormone is 

concentrated in laminae II and III inhibitory interneurons,115 and corticotropin-releasing 

factor (CRF) is similarly concentrated in ascending lamina I neurons, as well as deeper Rexed 

laminae where CRF increases following hypophysectomy.116 Indeed CRF has probably been 

neglected with respect to possible functions in pain modulation.117   

 

3.3.2.2 Medial lemniscus 

The lemniscal fibres entering the ventral margin of thalamus have been targeted as a variation 

on stimulating somatosensory thalamus, particularly in hemi-body pain. The aim of this is to 

broaden somatotopic coverage but with a similar effect to stimulating VP thalamus.102  

 

3.3.2.3 Intralaminar thalamus 

Targeting the nuclei of the intralaminar group, namely the centrolateral (CL), centromedian 

(CM), and parafasicular (PF) nuclei, originates with Talaraich in 1949.118 Subsequently, over 

many decades these nuclei have been tackled with invasive ablation and radiosurgery in an 

attempt to relieve pain due to malignant and non-malignant causes (Table 2.). Indeed, a range 

of operations have been described including thalamic tractotomy (syn. thalamolaminotomy), 

medial thalamotomy, CL thalamotomy, CM thalamotomy, and CM-Pf stimulation. The most 

significant contributions come from Jeanmonod and colleagues in Zurich, using invasive 

radiofrequency thermoablation. Their experience across a wide range of conditions, and at 
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long-term follow up, is that approximately 50% of patients have greater than 50% relief, with 

approximately 20% having complete relief and 30% no benefit.119 They also observed that 

bilateral treatment was more successful, probably reflecting the more bilateral projection of 

spinothalamic fibres to the intralaminar thalamus, compared to VP thalamus. Essentially 

identical results have been produced by Young and colleagues in Seattle but instead by using 

stereotactic radiosurgery.120,121 Young et al. target CM-PF and the lateral margin of the medial 

dorsal nucleus, whereas Jeanmonod et al. emphasise targeting the CL. The former was 

animated by attribution of a focus of spontaneous neuronal hyperactivity in deafferentation 

pain,122 the latter appealing as the dominant locus of spinothalamic intralaminar 

terminations.  

 

The technique of high intensity focused-ultrasound ablation (FUS) for stereotactic brain 

lesioning was pioneered in Zurich, and originally applied to pain in targeting the posterior part  

of CL.123 This non-invasive technique has demonstrated similar efficacy to the equivalent 

invasive procedure across a range of neuropathic pain conditions.124 Interestingly, applied to 

classical, idiopathic, and secondary trigeminal neuralgia in a small series, 100% of patients 

had surgical success,125 perhaps signifying the need to homogenise regional pain in patient 

selection for future clinical trials. The excellent safety profile of FUS,126 and good cognitive 

morbidity profile of CL lesions,127 suggests it is likely to feature in future treatment pathways 

for trigeminal neuralgia. DBS in this region has received little attention but, nonetheless, may 

have similar efficacy.128,129 Dual PAG/CM-PF DBS has also been attempted successfully,130 

including with a single-lead technique (a long medial array, spearing both nuclei).131  

Table 2. Key papers on surgery to the medial thalamus 
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Author Year Place Number 

(bilateral) 

Diagnoses Success 

% 

Follow up 

Invasive Ablation 

Sano 
132

 1965 Tokyo 10 (7) B, S, P, N 80 1mt -2.5yrs 

Fairman 
133

 1972 B. Aires 165 (0) N 70 death 

Hitchcock 
134

 1981 Edinburgh 19 (8) B, S, T, N 90 Avg 15 mt 

Niizuma 
135

 1982 Sendai 15 (0) B, P 33 2 mts 

Jeanmonod 
119

 2001 Zurich 96 (41) B, S, P, T, N 53 Avg 3.5 yrs  

Radiosurgery 

Steiner 
136

 1980 Stockholm 50 (18) N 52 death 

Young 
121

 2001 Seattle 61(3) B, S, P, T  53 Avg 6 yrs 

Urgosik 
137

 2018 Prague 30 (0) B, T, P 37 Avg 24 mts 

Lovo 
138

 2019 S. Salvador 10 (0) T, P 60 Avg 1 yr 

Deep Brain Stimulation 

Hariz 
128

 1995 London 4 (0) B, P, T 50 Avg 16 mts 

Krauss 
129

 2002 Mannheim 3 (0) B, P 66 1-2 yrs 

Focused-Ultrasound 

Jeanmonod 
124

 2012 Zurich 11 (6) B, S, P, T  55 3 mts 

Gallay 
125

 2020 Zurich 8 (8) T 100 Avg 2 yrs 

 

 

 

 

3.3.2.4 Lateral thalamus 
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Thalamotomy of the ventrocaudal nucleus (Vc) was conceptually unpopular due to the 

likelihood of epicritic deficits and concern over eliciting the thalamic syndrome. Nonetheless, 

the procedure was explored by some surgeons, notably Mark at Harvard in 1960, guided by 

contrast ventriculograms.139 Epicritic deficits were indeed common but not universal, while 

painful dysaesthesia was rare and then treatable with enlargement of the lesion. Pain relief 

was achieved for less than six months, suitable for many of their cancer patients but not a 

wider chronic pain cohort, and therefore attracted interest for DBS. Stimulation of the lateral 

thalamus, namely the VPL and VPM nuclei, was first published by Hoschobuchi in San 

Francisco in 1973, although it is claimed to have been performed prior to this in France during 

the early 1960s. The Vc (VPL-VPM complex) is targeted medio-laterally with the aim of 

mirroring the homuncular somatotopy of the nucleus with the patient’s distribution of 

symptoms. As such, the procedure is most logical for regional pain. Findings in chronic pain 

among amputees with and without phantoms limbs led to a particular interest in Vc DBS for 

deafferentation pain. Key among these were the enlarged thalamic-stump representation in 

patients with stump pain (suggesting the stump representation had supplanted that of the 

amputated limb), and the evoking of sensations in phantom limbs through Vc stimulation 

(demonstrating a functioning thalamic representation of the amputated limb).140 Consistent 

with this, peripheral deafferentation appears to respond well to this treatment, in particular 

phantom limb or stump pain, for which success is in the region of 70-90%.90,99,101  

 

The therapeutic mechanism of the surgery remains unclear. A placebo-analgesic effect 

(related to placebo-paraesthesia effect) is established, at least with short term use,141 casting 

doubt on the legitimacy of reported efficacy. While this remains unresolved, PET has 
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demonstrated modulation of both the anterior cingulate and insula through therapeutic 

stimulation, key cortical regions involved in pain processing.142,143  

 

Observations from opioid system experiments led to the view that PAG and Vc DBS had 

different but potentially complementary mechanisms of action; the former being indicated 

for nociceptive pain, and the later for neuropathic pain. On this basis, Hosobuchi pioneered 

dual stimulation for ‘mixed’ pain syndromes in 1983,144 which subsequently became a 

standard surgical approach to chronic pain. Ultimately, the utility and validity of this 

framework would not bear critical analysis, and in retrospect was far too simplistic. 

Nonetheless, this approach of modulating (or having the option to modulate) two nodes in 

the pain network remained attractive, as a strategy to increase the yield of successful pain 

relief. Typically, evidence of insertional effect and trial stimulation is appraised to inform 

internalisation of either a single or dual channel system, or none at all. The Oxford experience 

in this found approximately 15% not progressing to full implantation, and 45% reporting less 

pain than in their pre-operative state in the long term.90 Clinically meaningful long-term 

success of this approach, as it currently stands, can be expected to be 25-35%.101–103 While 

the PAG can be the medial target with this strategy, often the more rostral PVG is chosen due 

to oscillopsia and other side effects from stimulation at the level of the aqueduct. However, 

the PVG and the CM-Pf of thalamus are spatially so close that it would be hard to anatomically 

disambiguate a DBS electrode targeted to either as stimulating one and not the other, 

depending on which contact is being used. Acknowledging this clinical reality (see 

Commentary to Boccard et al.)90, Krauss in Hannover has published a series of 40 patients 

receiving dual CM-Pf/Vc DBS for chronic neuropathic pain,145 with similar results to the dual 

PVG/Vc stimulation by Aziz.90  
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3.3.2.5 Pulvinar  

The possibility of a surgically relevant pain region lying posterior to Vc has long been 

recognised, notably by Mehler in 1966.146 Indeed, in 1960 Hassler noted stimulation and 

lesioning of limitans portae (syn. Po) eliciting and alleviating pain respectively.147 Targeting 

the pulvinar was explored in the 1970s, but never gained wide popularity. Through targeting 

CM, experience led Mayanagi to drift posteriorly into PuA, ultimately concluding that lesions 

involving the pulvinar were more effective for alleviating pain.148 Both anterior and medial 

pulvinotomy have been performed for control of both malignant and non-malignant pain 

(30% pain free, n=60, 1-2 yrs),149,150 with stimulation before lesioning eliminating or reducing 

pain in some patients.77,151 A case of chronic DBS followed, where pain secondary to brachial 

plexus avulsion was relieved for three years before recurring.152 Although anteromedial 

pulvinotomy remained in the surgical armamentarium of some neurosurgeons as late as the 

mid-90s,153 to my knowledge it is no longer practiced as a treatment for pain.  

 

Nonetheless, a number of modern findings have shed new light on this historic operation and 

point to a region of surgical interest posterior to Vc. Thalamic pain can occur after a posterior 

circulation stroke in the geniculo-thalamic artery distribution, which includes Vc, CM, CL, Po, 

PuA, among other nuclei, implying a crucial role for compromised regions of thalamus in 

chronic central pain. Recent retrospective analyses, using MRI and stereotactic thalamic 

atlases, implicate the PuA (essentially synonymous with both ventrocaudalis portae and oral 

pulvinar),154–157 even as the most critical structure of interest.49 Conversely, these studies 

signify lesions of Craig’s VmPo are much less relevant, if at all. In animals, it has long been 

appreciated that activity in the pulvinar is generated from noxious stimuli transmitted via the 

anterolateral system.158,159 This has more recently been confirmed through local field 
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potentials (LFPs) in humans, indeed demonstrating larger amplitude responses there to 

nociceptive stimuli (nociceptive-specific laser stimulation) than other putative ‘pain nuclei’ 

(VPL, CL).50 Spinothalamic afferents have been traced to PuA,31,40 and stimulation of PuA can 

generate thermo- and noci-sensory experiences.160  

 

Despite its putative role as a key thalamic nucleus in pain, in receipt of nociceptive and 

thermoceptive lamina 1 projections, VmPo has not been formally targeted to treat pain. This 

is likely due to the controversy of its nature or existence. However, due to the proposed 

proximity of VmPo to CM, VPM, and anterior pulvinar, errors in targeting these and inter-

individual thalamic variation allow it to be assumed that VmPo has been inadvertently treated 

with stimulation and lesioning. The spatial similarities between VmPo, anterior pulvinar, and 

the posterior margin of Vc (particularly the medial portion) should be noted. Empirical surgical 

experiences have often trended posteriorly towards the pulvinar. It has long been 

appreciated that in targeting VPL or VPM the posterior region is preferable.161 This necessarily 

raises the issue of whether the posterior margin of Vc or a specific posterior nucleus is indeed 

the salient lateral thalamic pain target. 

 

3.3.3 Internal capsule and cortex 

3.3.3.1 Posterior limb of internal capsule 

The internal capsule is a white matter highway carrying information to and from the cortex. 

The posterior limb (PLIC), known to carry somatosensory fibres to the cortex, was first 

targeted in 1974 by Adams in San Francisco.162,163 The principle of targeting pain fibres leaving 

the thalamus for the cortex has not been favoured, with surgeons preferring to target 

thalamic somaesthetic subnuclei. While primarily seen as a variant of somatosensory 



 113 

thalamus stimulation, PLIC stimulation has been used specifically following thalamic stroke 

when little viable thalamic tissue remains.96,101 Nonetheless, benefits from PLIC stimulation 

over VC have been recorded in their own right through intra-operative exploration,164 with 

some authors targeting it specifically. Most notably, Naamba reported five of eight patients 

with post-stroke pain having good or excellent results,165 and Hunsche had success in three 

of four patients with thalamic pain at one year using DTI-tractography in an attempt to target 

spinothalamocortical tract fibres within the PLIC.166  

 

3.3.3.2 Anterior limb of internal capsule 

Lempka et al. carried out a double-blinded RCT at the Cleveland Clinic for treatment of post-

stroke hemi body pain with anaesthesia dolorosa (n = 9) by anterior limb (ALIC) and nucleus 

accumbens (NA) stimulation.167 Aiming to modulate the affective-motivational sphere of pain, 

the trial failed to meet primary and secondary endpoints set by the investigators. However, 

improvements in outcomes measuring affective and cognitive components of pain were 

observed. There was a non-trivial risk of seizures (20%) associated with the procedure. The 

sensory aspects of pain were, as expected, unchanged by treatment. Beginning at the modern 

multi-dimensional conception of pain (sensory-discriminative, affective-motivational, 

cognitive-evaluative), the authors argue that analgesia, per se, may not be an appropriate 

treatment goal in some patients, and decreasing pain-related suffering and disability is more 

appropriate. This trial represents a major step forward in stereotactic pain research in several 

ways, despite the small number of patients. It was a double-blind RCT and was not funded by 

industry. Biomarkers of investigational use were systematically collected (MEG, MRI, fMRI) 

with both the patient population clinically refined and the trial outcomes set by modern pain 

research/ideas.    
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3.3.3.3 Dorsal anterior cingulate 

The cingulum white matter bundle connects ventral paleocortex (uncus and parahippocampal 

gyrus) to the subcallosal gyrus and constitutes the core of white matter supplying the 

cingulate cortex. The continuum of these cortical structures has often been classified as ‘the 

limbic lobe’. The anterior cingulate (AC) is considered to be important in pain,168,169 

particularly the cognitive and affective aspects of pain,170 as well as part of the descending 

pain modulation system in conjunction with brainstem structures such as the PAG and raphe 

magnus. 

  

Cingulotomy was first explored by Foltz in 1961, borne out of observations from the more 

extensive frontal lobotomy, in the attempt to modify the emotional aspects of patients 

suffering with a less invasive procedure.171 Patients were selected with prominent emotional 

components to their pain syndrome, and good or excellent results were achieved in 12 of 16 

patients, with better results from bilateral lesions. Notably, patients with the pre-operative 

psychiatric diagnosis of ‘inadequate personality’ responded least well. Prior to the 

establishment of the multi-dimensional theory of pain, the results are described as pain 

‘relief’, alluding to the non-sensori-discriminative effects.  

 

Bilateral cingulotomy subsequently became popular for pain control (Table 3.), particularly 

with terminal malignant disease, where concerns relating to cognitive and personality 

changes are less pertinent.172 Spooner et al. pioneered DBS of the AC at Vanderbilt in 2007, 

aiming to create a ‘virtual lesion’ with effects similar to cingulotomy.173 In Oxford, Aziz took 

up the mantle, exploring the technique with a substantive series of patients with non-

malignant pain, many of whom had failed previous DBS.174,175 Similar effects on the affective 
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*4%(+42='#*'$ !D*!,)-&/82);+;!RL?7!:OSD!;1/1!)*;)%1/+!;+%,+12+;!1%/).1/)'*!)*!/&+!(+:/!3'2/+,)',!

34/10+* !<4/!6)/&!)*%,+12+;!%'**+%/).)/9!6)/&!3,)01,9!2+*2',)0'/',!%',/+K= '%!D*!31,1((+(!6)/&!

/&)27!)*%,+12+;!%'**+%/).)/9!':!/&+!1*/+,)',!34/10+*!6)/&!/&+!3,+0'/',!%',/+K!612!'<2+,.+;=!
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!"#"$%&'()*+),-.-*/0*'%*)+,')1 %

%&'!(')*+,*-.(.+/0+'!+*,-'*1!23345!01!6.*+)!0+!/&'!*(('7!8790+1/':;!870) <0+<!/&'!:0)8790+!

9+)! /&'! 7.1/79-! ='+/7.-9/'79-! (.+/0+'! /'<:'+/*:>! ?-/&.*<&! 1(9/09--@! 1'(979/')! 67.:! /&'!

1/7*,/*7'1!,-9110,9--@!<7.*(')!91!/&'!8919-!<9+<-09;!6*+,/0.+9--@!/&'!334!01!,.+10)'7')!8@!:9+@!

9*/&.71!/.!8' !A.7/&@!.6!:':8'71&0(>!B30!+'*7.+1!2(7'1*:9 8-@!B?C?D'7<0,!0+&080/.7@5!(7.E',/!

/.! /&'! +.+ D,&.-0+'7<0,! 2(971! )0110(9/95! 334;!" ! 9+)! /&'! 334! (7.=0)'1! :9E.7! 91,'+)0+<!

,&.-0+'7<0,! 9+)! <-*/9:9/'7<0,! .*/(*/! /.! /&'! 1*81/9+/09! +0<79>!# !%&'! 334! 9-1.! &91! 9! -97<'!

.*/(*/! 2:.1/!-0F'-@!,&.-0+'7<0,5!/.!/&'!G%4;!9+)!9!1:9--'7!.*/(*/!/.!/&'!(9--0)*: ;!$ !0+!9))0/0.+!

/.! )'1,'+)0+< !.*/(*/!7' <*-9/0+<!/&'!1(0+9-!,.7)>!%!3.1/D:.7/':!9+9-@101!.6!HI%"J!)@1/.+09!

(9/0'+/1! 7'='9-! 0+,-*10.+! 8.)0'1! 0+! /&'! 334;!! ! 9+)! (7.6.*+)-@! 1(971'! .7! 981'+/! ,&.-0+'!

9,'/@-,&.-0+'1/'791'!1/90+0+<!0+!KH!(9/0'+/1;!/&'7'8@!0+)0,9/0+<!9!6*+,/0.+9-!,&.-0+'7<0,!)'60,0/!

0+!KH>$&!?+!'L(' 70:'+/!0+!/&' !" D:'/&@-DMD(&'+@-D";N;O;PD/'/79&@)7.(@70)0+'!2Q3%35!(70:9/'!

:.)'-!.6!3H!)':.+1/79/')!/&9/!/&'79('*/0,!HCG!.6!/&'!B30!7'1*-/')!0+!0+&080/0.+!.6!/&'!334>!' !

%&01!A91!9//708*/')!/.!HCG!)70=0+<!/&'!+*,-'*1;!0+,7'910+<!0+&080/.7@!/.+'!67.:!/&'!B30!.+!/&'!
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%
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:'91*7'! .6! 1'+1.70:./.7! 0+/'<79/0.+;! 01! 9-1.! 7'-098-@! 7')*,')>!) ! 3S%! 0:9<0+<! .6! B?C?* !
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%&(&)-)-,&!C2H!8*%!6A!+'%*44!+!%+15&!*8!/%+-1!+%&+4!-<&1)-8-&<!2"!+1<!<*%4+.!(%&9*)*%!'*%)&=!
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%
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+'(%+.6%'/!6'+'3'--,+! /,7,)'! 1+! /0(54*6%.1*! .*! ,!8,+%.64-,+! ,+',9!" !:&'! 8+'6.('!+1-'!15!%&'!

6'+'3'--47!.*!;<! &,(!*1%!3''* !'-46./,%'/2!34%!8+'-.7.*,+0!6-.*.6,-!+'(',+6&!(4))'(%(!.%!614-/!
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/'71*(%+,%'(! %&,%!8,--./1@6'+'3'--,+! ,-8&,! 3,*/! 61&'+'*6'! .(! *'),%.='-0! 61++'-,%'/! A.%&!
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,'5'/*+*5-!6'-!3'55)*1!04+!4-)&8!>?@AB;CD.!6)+9!4,!+0!+95**!350--)&8!7)<5*-!,*5!E0F*(:!!"$ !!

!

$:$:":$!@**,!<5')&!-+)/4('+)0&!

A'+)*&+-! 6*5*! ,5085'//*1! +0! /'F)/)-*! )/,50E*/*&+-! )&! 12-+0&)':! %&)+)'((2.! )/'8)&8! 6'-!

5*E)*6*1! +0! -*(*3+! '&! ',,50,5)'+*! 30&+'3+! 705! -+)/4('+)0&.! 4-4'((2! +9*! -*30&1! 1**,*-+!

30&+'3+:!G)89!75*H4*&32!-+)/4('+)0&!6'-!)&+50143*1.!'&1!,'+)*&+-!+2,)3'((2!1)-39'58*1!6)+9!

+60!05!+95**!,5085'//*-!705!4-*!'+!,'+)*&+!,5*7*5*&3*.!6)+9!+9*!'<)()+2!+0!+)+5'+*!'/,()+41*!

6)+9)&! '&! '((06*1! 6)&106:! I05! ,'+)*&+-! 6)+9! '! ,005! 5*-,0&-*.! '(+*5&'+)E*! 30&+'3+-! 6*5*!

*F,(05*1.!4-4'((2!'+!JK/0&+9!5*E)*6:!!

!

$:$:":L!C*5/)&'+)0&!/'-=- !

I%M;C.!"" ! '! >'2*-)'&! /01*( K<'-*1! -*8/*&+'+)0&N5*8)-+5'+)0&!+00(! )&! I;O.!"%!6'-! ',,()*1!+0!

-'/*! -*--)0&! C" K6*)89+*1! PM%! -3'&-! Q"!//! )-0+50,)3R! +0! *F+5'3+! +9'('/)3! '&1! ,4+'/)&'(!

/'-=-!705!*'39!,'+)*&+.!6)+9!<04&1'52!E0F*(-!*F3(41*1:!C9*!P0&+5*'(!S*450(08)3'(!%&-+)+4+*!

-+543+45'(!'+('-!6'-!4-*1!+0!8*&*5'+*!/'-=-!07!+9*!750&+'(!'&1!,'5)*+'(!305+)3*-:!C9*!G'5E'51K

BF7051!305+)3'(!'+('-!6'-!4-*1!+0!8*&*5'+*!/'-=-!07!+9*!-4,*5)05!750&+'(!8254-!Q350,,*1!+0!+9*!

3'41'(! ,05+)0&.! ;IT3R.! /)11(*! 750&+'(! 8254-! QPITR.! )&7*5)05! 750&+'(! 8254-! ,'5-! 0,*534('5)-!

Q%IT,0R.!,5)/'52!/0+05!305+*F!QP"R.!'&1!-4,,(*/*&+'52!/0+05!'5*'!Q;PUR.!69)39!6*5*!+9*&!

5*8)-+*5*1! +0! C"K6*)89+*1! PM%! -3'&-! 4-)&8! IO%MC! '&1! IS%MC:!"& ' !&! ! ;IT3! '&1! ;PU! 6*5*!

30/<)&*1!+0!',,50F)/'+*!+9*!105-'(!,5*/0+05!305+*F!QAP1R.!69)(-+!+9*!PIT!'&1!%IT,0!6*5*!

30/<)&*1!+0!',,50F)/'+*!+9*!E*&+5'(!,5*/0+05!305+*F!QAPER:!



! "#$!

!

%&%&"&'!()*+,-.)*/01!*23! /*)+455*,6-2!

7)-8*86569,6+! ,)*+,-.)*/01! :*9! +*))643! -;,! ;962.! 7<=>(<?@AB!"# ! :6,0! C-36D643! E;54)!

9,)4*C62.!*23!369,*2+4!+-))4+,6-2&!FGHIJ!69!;943!,04)4*D,4)!,-!)4D4)42+4!+-224+,6K6,1!84,:442!

,:-!)4.6-29&!7-9,H-/4)*,6K4!+-C/;,43!,-C-.)*/01!L@(M!6C*.49!:4)4!)4.69,4)43!,-!N<O!;962.!

PQO<(&!"$ ! Q4*3! +-2,*+,9! :4)4! 6342,6D643! 8*943! -2! @(! *),4D*+,9! *23! *))*1! 36C4296-29&!

R,6C;5*,6-2! /*)*C4,4)9! *,! D-55-:H;/! :4)4! )4K64:43! *23! ,04! C-9,! ;943! +*,0-34! +-2,* +,!

6342,6D643!L62!/*,642,!NB!*2!*K4)*.4!84,:442!,:-!+-2,*+,9!:*9!,*S42!*9!,:-!/)-.)*C9!:6,0!

36DD4)42,!+*,0-349!:4)4!4T;*551!;943M&!?!U!CC!)*36;9!9/04)4!*)-;23!,069!+-2,*+,B!D-)!4*+0!

54*3B!:*9!;943!*9!*!,)*+,-.)*/01!9443!,-!,0*5*C;9B!/;,*C42B!*23!R(V&!()*+,9!:4)4!K69;*56943!

D-)!*2*,-C6+!/5*;968656,1&!@-224+,6K6,1H8*943!0*)3!/*)+455*,6-2!-D!,04!/;,*C42!:*9!+*))643!

-;,!;962.!,04!F"#$%!&'(!)#**(+&J!*5.-)6,0C!62!PRQB!%&!D6)9,!:6,0!D)-2,*5!*23!/*)64,*5!+-),4WB!,042!

94+-23!:6,0!N"B!7N3B!*23!7NK!*9!+-),6+*5!+5*996D64)9&!%&!(04!9*C4!,)*+,-.)*/01!:*9!+*))643!

-;,!, -!,0494!/;,*C62*5!/*)+455*,6-29&!

!

%&%&"&X!R,*,69,6+*5!*2*51969!

P-)! 4*+0! -D! ,04! 9,)4*C56249! D)-C! ,04! +*,0-34! .424)*,43! 81! 7<=>(<?@AB!O! +-;2,43! ,04!

2;C84)!-D!94439!,0*, !)4*+043!4*+0!)4.6-2!*23!2-)C*56943!,0494!81!96Y4!-D!,04!,4)C62*,6-2!

C*9S&!(0-94!+-;2,9!:4)4!9;CC43!-K4)!54D,!*23!)6.0,!D-)!4*+0!/*,642,!*23!4W/5-)43!D-)!5624*)!

)45*,6-2906/9! :6,0!+5626+*5!(ZR(<RH9!6C/)-K4C42,!81!+*5+;5*,62.!74*)9-2B!R/4*)C*2J9!)0-B!

*23![423*55J9!(*;!+-))45*,6-2!+-4DD6+642,9!L,:-H,*6543M&!

!

!

!



! "#$!

%&%&"&#!'(()*+,-./ 01(,,/1.+2+.3!)/4-.+(,56+7!

8+5-9:+;<-.+,;! .6/! )/4-.+2/! 1(,.)+:<.+(,5! (=! +,*+2+*<-4>5! /4/1.)(*/! 4(1-.+(,5! -,*! *+==<5+(,!

7-)-9/./)5! .(! .6/! (:5/)2/*! +97)(2/9/,. 0.)-1.(;)-763! 1())/4-.+(,! +5! 1)<1+-4! .(! +.5!

+,./)7)/.-.+(,&! ?(! -55/55! .6+5@! .6/! -,./)+()!1(99+55<)/! A! 7(5./)+()! 1(99+55<)/! BC'0D'E!

1(()*+,-./5!F/)/!9/-5<)/*!B,/<)(+,57+)/G@!H/,+56-F@!IJE@!-,*!.6/!1())/4-.+(,!F+.6!14+,+1-4!

+97)(2/9/,.! 1-41<4-./*! <5+,;! .6/! 9/.6(*(4(;3! (=! K16L,/1M/)! /.! -4& !"# ! ?6/,@! -! =()F-)*!

9<4.+74/!)/;)/55+(,!F-5!7/)=()9/*!F+.6!1(()*+,-./5!-,*!NO 08PKQ0RS"!7<.-9/,!1(,,/1.+2+.3!

-5!/T74-,-.()3!2-)+-:4/5&!U,!-**+.+(,@!.6/!8PK!.)-1.(;)-763!.(!.6/!7<.-9/,!F-5!)/7/-./*!+,!-!

1(99(,!1(,,/1.(9/@!.6/)/:3!)/9(2+,;!+,*+2+*<-4!*+==/)/,1/5!+,!*+==<5+(,!7-)-9/./)5!-5!-!

2-)+-:4/&! ?(! -16+/2/! .6+5@! (,/! 7-.+/,.>5! *+==<5+(,! 51-,! -,*! -44! /4/1.)(*/! 4(1-.+(,5! F/)/!

)/;+5./)/*!.(!.6/!SVU!./974-./!-,*!.)-1.(;)-763!7/)=()9/*!+,!.6+5!1(99(,!57-1/&!?6+5!F-5!

.6/,!)/7/-./*!F+.6!-!5/1(,*!*+==<5+(,!51-,!=()!1(,=+)9-.+(,&! !

!

W6+4/!-!.6/)-7/<.+1!5F//.!57(.!+5!)/1(;,+5/*@!$! !.6/5/!-)/!*+5.)+:<.+(,5!.6-.!9-,3!7-.+/,.5!

*(! ,(.! 1(,=()9! .(&! ?6+5! 5.)(,;43! 5<77().5! -,! +,*+2+*<-4+5/*! -77)(-16&! U,! ()*/)! .(! 7)(:/!

F6/.6/)! .6/5/!)/5<4.5!9+;6.!6-2/!<5/!+,!-<;9/,.+,;! .-);/.+,;@!-,*!*/9(,5.)-./!6(F!.6+5!

1(<4*!:/!*(,/@!-,!-**+.+(,-4!=(<)!7-. +/,.5!F/)/!-,-435/*&!D)/(7/)-.+2/!X?!" !99!+5(.)(7+1!?"0

F/+;6./*!9-;,/.+5-.+(,!7)/7-)/*!)-7+*!-1Y<+5+.+(,!;)-*+/,.!/16(!BSD 0HCZ[E!;-2/!-*/Y<-./!

57-.+-4!1(,.)-5.!.(!1(,=+*/,.43!*/9-)1-./! .6/!ZD+&!U,*+2+*<-4+5/*!S"07<.-9/,!1(,,/1.+2+.3!

*/,5+.3!9-75!(=!/-16!ZD+!F/)/!;/,/)-./*@!.6/!)/;+(,!(=!6+;6/5.!1(,,/1.+2+.3!B6(.!57(.E!F-5!

+*/,.+=+/*@!-,*!7)(T+9+.3!.(!.6/!4/-*!-55/55/*&!

!

!

!



! "#$!

!"!"# $ %&'()*'$

%&%&'&"!()*+,-*!.,/012)34+56 !

788!-+-,*,,-!3)*+,-*6!9,2,!6:55,66;:88<!+/38)-*,.!9+*4!=>?!,8,5*20.,6!@+8)*,2)88<!)-.!2,5,+A,.!

@+8)*,2)8!BC!D"'EF"GH!BIJ!=>?&!?+K*,,-!3)*+,-*6!6409,.!+/320A,/,-*!+-!6,A,2+*<!0;!.+6,)6,!)*!

;08809F:3!DL)@8,!"J&!

!

%&%&'&'!=>?!50--,5*+A+*<!9+*4!/0*02F3:*)/,-!32,.+5*6!0:*50/,6 !

M-! *4,! "&EL! .)*)! 6,*N! )! 6+1-+;+5)-*! 306+*+A,! 5022,8)*+0-! 9)6! 0@6,2A,.! @,*9,,-!BCF=>?OF

P3:*)/,-! 50--,5*+A+*<! )-.! 58+-+5)8! +/320A,/,-*! DC+1:2,!" 7Q! 2! RH&ESN! 3RH&H'TN! 2"RH&ETN!

3RH&H''J&!U0!6+1-+;+5)-*!5022,8)*+0-!9)6!0@6,2A,.!@,*9,,-!,+*4,2!BCF=>?OFP?LU!02!BCF=>?OF

P*4)8)/:6! )-.! 58+-+5)8! +/320A,/,-*&! M-! 02.,2! *0! ,K)/+-,! +;! *4,! BCF=>?OFP3:*)/,-!

2,8)*+0-64+3! 9)6! .2+A,-! @<! /0*02! 02! 6,-602<! 50--,5*+A+*<N! )! 3:*)/,-! 3)25,88)*+0-! 9)6!

6:@6,V:,-*8<!3,2;02/,.!D6+/+8)2! *0!LI+02*I+!,*! )8!#$%J!@)6,.! 0-!50--,5 *+A+*<! *0! ;20-*)8!D+&,&!

/0*02J!)-.!3)2+,*)8!D+&,&!6,-602<J!502*+5,6!DC+1:2,!" >J&!7!6+1-+;+5)-*!306+*+A,!5022,8)*+0-!9)6!

0@6,2A,.! @,*9,,-! BCF=>?OFP;20-*)8F3:*)/,-! 50--,5*+A+*<! )-.! 58+-+5)8! +/320A,/,-*!

D2! RH&E#N!3RH&H'GN!2"RH&E$N!3RH&H'#J&!U0!6+1-+;+5)-*!5022,8)*+0-!9)6!0@6,2A,.!@,*9,,-!BCF

=>?OFP3)2+,*)8F3:*)/,-!50--,5*+A+*<!)-.!58+-+5)8!+/320A,/,-*&!L0!;:2*4,2!54)2)5*,2+6,!*4,!

BCF=>?OFP3:*)/,-!2,8)*+0-64+3N!)!6,50-.!3)25,88)*+0-!9)6!3,2;02/,.!*0!2,A,)8!*4,!/0*02!

*03012)34<!DC+1:2,!" WN!6+/+8)2!*0!LI+02*I+!,*!)8&Q!X,42+5<!,*!)8&Q!X,4!,*!)8&#$%&#$' J&!U0!6+1-+;+5)-*!

5022,8)*+0-6! 9,2,! 0@6,2A,.! @,*9,,-! BCF=>?OFP(YAZ(Y. F3:*)/,-! )-.! 58+-+5)8!

+/320A,/, -*&! 7! 6+1-+;+5)-*! 306+*+A,! 5022,8)*+0-! 9)6! 0@6,2A,.! @,*9,,-! BCF=>?OFPY" F

3:*)/,-! 50--,5*+A+*<! )-.! 58+-+5)8! +/320A,/,-*! D2! RH&$HN! 3RH&HH%N! 2"RH&SEN! 3RH&HHTJ&! L4+6!

2,6:8*!9)6!)-)8<6,.!;02!20@:6*-,66[!+*!2,/)+-,.!6+1-+;+5)-*!);*,2!6:@6*+*:*+-1!\]^!;02!\)@608:*,^!

L_?L`? F6!+/320A,/,-*!D2! RH&S%N!3RH&H"HN!2"RH&SSN!3RH&HH#JN!)-.!2,/)+-,.!6+1-+;+5)-*!);*,2!



! "##!

$%&'(%)! $*++,&-! ,.+(%/0.0&'! *'! 10(%! 2*34%)5'06! (! 789:#;! +78988<;! ("789:<;! +78988=;! >6!

(! 789:?;! +7898"?;! ("789::;! +78988#@9! A*',0&'! B! C*4! *&! %5'),0(;! C,'D! *! +%%(0(!EFGEHGI4!

,.+(%/0.0&'! 'D*&! 0J+0$'0K! L(%.! 'D0! $%&&0$',/,'M9! A%44,3)M! (0)0/*&';! 'D0! +*',0&'N4! +(0I

%+0(*',/0!40/0(,'M!C*4! )%C!L%(! 'D0!$%D%(';! *&K! 'D0!45(-0(M!C*4! .%4')M! ,&K,$*'0K!L%(!+*,&;!

CD,$D!K0$(0*40K!3M!#?>9!

!

O9O9P9?!Q%&&0$',/,'M!*&K!$%%(K,&*'04!*(0!&%'!0R5,/*)0&'!

SQIAQ! $%%(K,&*'04! *)%&0! 0J+)*,&0K! OO>! %L! 'D0! /*(,*&$0! ,&! $),&,$*)! ,.+(%/0.0&'! 2(7I89::;!

+78988T;! B,-5(0!?S@;! 35'! C*4! &%'! 4,-&,L,$*&')M! $%((0)*'0K! C,'D! UBIVWGXIYZ" I+5'*.0&!

$%&&0$',/,'M!2(7I89?:;!+789"#;!B,-5(0!?W@9!S!L%(C*(K!(0-(044,%&!.%K0)!2B2P;"P@7"P9#;!+78988";!

(789#?;!(#789:#@;!L%5&K!3%'D!$%%(K,&*'04!2+7898P@!*&K!UBIVWGXIYZ" I+5'*.0&!$%&&0$',/,'M!

2+7898"@!*4!4,-&,L,$*&'!0J+)*&*'%(M!/*(,*3)04;!C,'D!'D0!)*''0(!0&'0(,&-!L,(4'!*4!'D0!304'!L,'',&-!

/*(,*3)09! ED0! +%4,',/0! $%((0)*',%&! %L!UBIVWGXIY+5'*.0&! $%&&0$',/,'M! C,'D! ,.+(%/0.0&'!

K,4*++0*(0K!CD0&!'(*$'%-(*+DM!C*4!+0(L%(.0K!C,'D!$%..%&!K,LL54,%&!+*(*.0'0(4!2(! 7I89?8@!

*&K!$%&L,(.0K!,&!*!40$%&K!$%&&0$'%.09![&!'D0!?E!K*'*!40';!$)0*(!/*(,*',%&!,&!'D0!\A,!'%+%)%-M!

%L!Z"I+5'*.0&!$%&&0$',/,'M!C*4!%340(/0K!30'C00&!+*',0&'4!2400!B,-5(0!PS!L%(!0J*.+)04@9!

G',.5)*',%&! ,&! 'D0! .,KK)0]+%4'0(,%(! \A,;! D%'! 4+%'! $%/0(*-0;! *&K! D,-D! $%&&0$',/,'M! C0(0!

$%&4,4'0&'!C,'D!$),&,$*)!30&0L,'!2B,-5(0!PW@9!

!

!"!"# $ %&'()''&*+$

[!DM+%'D04,40K! 'D*'! 'D0! 4'(5$'5(*)! $%&&0$',/,'M! 30'C00&! 'D0! \A,! *&K! %&0! %(! .%(0! %L! 'D0!

453$%(',$*)!&5$)0,!C,'D!CD,$D!,'!,4!K,(0$')M!$%&&0$'0K!.,-D'!30!*&!,.+%('*&'!.0K,*'%(!%L!'D0!

$),&,$*)!0LL0$'4!%L!VWG!,&!QV9!^J*.,&,&-!'D,4!R504',%&!54,&-!4'(5$'5(*)!$%&&0$',/,'M!04',.*'04!

L(%.!VFIZH[!+(%3*3,),4',$!'(*$'%-(*+DM;![!L%5&K!*!+%4,',/0!$%((0)*',%&!30'C00&!UBIVWGXI



! "#$!

%&'()*+,! -.,,+-(/0/(1! ),2! -3/,/-)3! /*&4.0+*+,(5! 6! (7+,! &+48.4*+2! (9.! :+;'+,(/)3!

-.,,+-(/0/(1 <=):+2! &)4-+33)(/.,:! .8! (7+! &'()*+,! /,! .42+4! (.! -7)4)-(+4/:+! (7+! 4+>/.,! .8!

&'()*+,! -4'-/)3! (.! (7/:! 4+3) (/.,:7/&5! ?7/:! 4+0+)3+2! (7)(! *.(.4<&'()*+,@! /,! &)4(/-'3)4! A"!

B*/223+C! &'()*+,@! 9):! (7+! +::+,(/)3! ,.2+! .8! DE! :(/*'3)(/., ! -.,,+-(/0/(1! (7)(! +F&3)/,+2!

0)4/),-+!/,!-3/,/-)3!.'(-.*+:5!?7+!&.:(+4/.4!4+>/.,!.8!(7+!GH/!/:!-7)4)-(+4/:+2!):!IA"J!=):+2!

.,! &)33/2.<(7)3)*. <-.4(/-)3! -.,,+-(/0/(1@! /:! (7+! *.:(! -.**.,! :/(+! .8! )-(/0+! (7+4)&+'(/-!

-.,()-(!/,!(7+!:'4>/-)3!(4+)(*+,(!.8!21:(.,/) !"# @!),2!/:!(7+!:/(+!.8!3.-)3!&+)K!(7+()!&.9+4L!)!

&'()(/0+!&71:/.*)4K+4!8.4!MN5!"! !?.>+(7+4!9/(7!*1 !8/,2/,>:@!(7+:+!,+'4./*)>/,>!4+:'3(:!&./,(!

(.!/,(+40+,(/.,!/,!(7+!A" <:(4/)(. <&)33/2.<(7)3)*. <A"!3..&!):!=+/,>!*+-7),/:(/-)331!/*&.4() ,(!

/,!4+3/+8!.8!21:(.,/)!0/)!DE<NOP5!

!

?7+!4+:+)4-7!2/:-'::+2!/,! !"#"$%&'()*+, !),2! !"#"!%&-.*)-/%*0(0-%),1%2-+*0(0-%30-(+4!)=.0+!

)20.-)(+:! 8.4! )! 4.3+! 8.4! =.(7! &'()*+,! ),2! A"! /,! (7+! &)(7.&71:/.3.>1! .8! MN@! ),2! (7+!

),)(.*/-)3! -.,(+F(! 2/:-'::+2! /,! !"#"5! +:()=3/:7+:! (7+:+! :(4'-('4+:! ):! &4/*+! &'()(/0+!

-),2/2)(+:!/,!(7+!*+-7),/:*!.8!GH/!DE <NOP5!N+:&/(+!-3+)4!/*&3/-)(/.,!.8!:+,:.41!-.4(+F!/,!MN@!

/(!/:!,.()=3+!(7)(!(7+4)&+'(/-!GH/!NOP!2.+:!,.(!-.44+-(!:+,:.41!)=,.4*)3/(/+:@!-.,:/:(+,(!9/(7!

:+,:.41!:1:(+*:!,.(!*+2/)(/,>!*.(.4!/*&4.0+*+,(: 5!$%!?7+!4+:'3(:!&4+:+,(+2!/,!(7/:!-7)&(+4!

:'&&.4(!(7/:! ',2+4:(),2/,>5 !H71:/.3.>/-)3!:&+-'3)(/.,! .,!(7+!:(4'-('4)3!-.,,+-(/0/(1!4+:'3(:!

=+,+8/(:!84.*!4+/(+4)(/,>!:.*+!K+1!3/(+4)('4+5!Q.9!84+;'+,-1!BQEC!-.7+4+,-+!9/(7/,!(7+!=):)3!

>),>3/)R-.4(/-)3!,+(9.4K!/:!)!&'()(/0+!:/>,)('4+!.8!21:(.,/)S!(7/:!-.7+4+,-+!=+(9++,!*.(.4!

-.4(+F!),2!GH/!/:!:'&4+::+2!=1!DE!:(/*'3)(/., @!"$ !)!8/,2/,>!)3:.!.=:+40+2!/,!MN!8.33.9/,>!)!

6+7(+%),()60,.7(+5!#&!E'4(7+4*.4+@!QE!GH/!NOP!+0.K+:!&.(+,(/)3:!/,!&4/*)41!*.(.4!-.4(+F!),2!

*.2' 3)(+:!*.(.4!-.4(+F!+F-/()=/3/(1!),2!&3):(/-/(15!&' !?7+4+!/:!)!4+0+4:/=3+!/,-4+):+ !/,!*.(.4!

-.4(+F!+F-/()=/3/(1!B/,-4+):+! /,!?AP!*.(.4!(74+:7.32:C!9/(7!DE<NOP@!!&( !),2! Q?H<3/K+!*.(.4!



! "#$!

%&'()*! +,-.(/%/(01! 23&43! (&! 5)! -53&'6-,! /3! 70.(&3/-1!"#!! ! /.! ')78%)7! &'! -5&,/.9)7:$%%! ;3!

-77/(/&31!<=>!3&'6-,/.).!/3%')-.)7!?"!@A!&.%/,,-(/&3.!-37!(9)/'!/3()'9)6/.+9)'/%!%&9)')3%)1!

-.!4),,!-.!7)%')-./3B!?"!-%(/C-(/&3: $%&!;37))71!/3!+').)3(/3B!83+85,/.9)7!').)-'%9!-(!D>>AE!

F?-'.)/,,)1!G$G"H!I:!@&J-3&!+'&+&.)7!9/.!K?L;!4&'2!.8++&'()7 !7)%')-.)7!?"!-%(/C/(0!-.! -!

./B3-(8')!&K!)KK/%-%/&8.!MN/!.(/68,-(/&3 !K&'!70.(&3/-!F+'/3%/+-,,0!+'&+&.)7!-.!-!+'&B'-66/3B!

()%93/O8)! (&! %/'%86C)3(! (9)! 7),-0!&K! %,/3/%-,! 5)3)K/(.! (&! )6)'B)! K'&6! -++'&+'/-()!

.(/68,-(/&3H:!P-2)3! (&B)(9)'1! -! +90./&,&B/%-,! 6&7),! &K!MN/!<=>! ')78%/3B! (9-,-6&%&'(/%-,!

/39/5/(/&3! ')6-/3.! %&9)')3(:! ?0! /3()'+')(-(/&3! &K!60 ! ').8,(. 1! -%%)+(/3B! (9-(! (9)')! -')!

-,()'3-(/C) !6&')!%&6+,)*!)*+,-3-(/&3.1!/.!(9-(!(9/.!/.!-%9/)C)7!C/-!7/.'8+(/&3!&K!MI=IQ)'B/%!

/39/5/(&'0!./B3-,,/3B!K'&6!(9)!')B/&3!&K!+8(-6)3!')%)/C/3B!7&6/3-3(!/3+8(!K'&6!?"1!(&!(9)!

+&.()'/&'!FR?"SH!MN/:!;!.8BB).(!(9-(!(9)!').8,(!&K!(9/.!4&8,7!5)!/3%')-.)7!/39/5/(&'0!&8(+8(!&K!

(9)! +&.()'/&'! MN/! (&! (9-,-68.1! -37! 7)%')-.)7! (9-,-6& Q%&'(/%-,F?"H! ./B3-,,/3B:! P9/.! 4&8,7!

6-3/K).(!),)%('&+90./&,&B/%-,,0!-.!7).03%9'&3/. -(/&3!&K!@A!%&9)')3%)!/3!(9)!?"Q5-.-,!B-3B,/-!

,&&+!(9-(!/.!&5.)'C)71!-37!./6/,-',0!(9)!7)%')-.)!/3!?"!-%(/C/(0:!!

!

T,)-',0 1!),)%('&7)!/6+,-3(!,&%-(/&3!6-(()'.!-37!.8'B/%-,,0!(9/.!4/,,!C-'0!-6&3B!+-(/)3(.:!U9/,)!

(9/.! 7&).! -%%&83(! K&'! 68%9! .(-(/.(/%-,! C-'/-3%)! /3! %,/3/%-,! &8(%&6).1! 68%9! ')6-/3.!

83)*+,-/3)71!/3%,87/3B!)*-6+,).!49)')!-!+'/6-'0!&'!.)%&37-'0!-3()'/&'V6/77,)!MN/!,)-7!%-3!

5)!.&!5)3)K/%/-,:$&'!P9)!-..86+(/&3!(9-(!+-,,/7-,!(&+&B'-+9/%!-3-(&60!/.!)..)3(/-,,0!(9)!.-6)!

-6&3B!T<!+-(/)3(.!6-0!3&(!5)!W8.(/K/)71!4-''-3(/3B!-3!/37/C/78-,/.)7!-++'&-%9:!;(!.9&8,7!5)!

-%23&4,)7B)7! (9-(! (9/.!/.! -! ,-'B)!%,-/61!4/(9! ,-'B)! /6+,/%-(/&3.! /K!%&'')%(:!E&3)(9),)..1! /3!

%&3%)+(1! /(! /.! .8++&'()7! 50! ('-%(&B'-+9/%! 6)(9&7.! /3! (9)! N<! MN/:$"( ! DC)3! /K! /37/C/78-,!

7/KK)')3%).!5)(4))3 !3&'6-,!.85W)%(.!4)')!.6-,,1!(9)!3)8'-,!')&'B-3/.-(/&3!49/%9!(-2).!+,-%)!

/3!70.(&3/-!/.!-!+'/6)!%-37/7-()!B)3)'-(&'!&K!9)()'&B)3)/(0:!P9/.!/.!(9)!+8(-(/C)!.85.('-()!K&'!



! "#" !

$%%&'$()*+,! %-&.'+$/*.-0!1$&,-1*+,!2'&! 1)*.! .3&,-&45!6+! '3&! 0$1$7! 6! %&'8-0! 1)*.! *+! 1)&--!

0*22-&-+1!9$4.7!$//!1)&--! '2!9)*()! ('+(3&&-05!:*&.1/47!6!0-;'+.1&$1-0!1)$1! .%-(*2*(!0*223.*'+!

%$&$;-1-&.! -+('0-! '31(';- <%&-0*(1*=-! *+2'&;$1*'+! $00*1*'+$/! 1'! 1)$1! '22-&-0! 84!

(''&0*+$1-.5!>-('+0 /47!.)'9*+,!1)$1!1)-!'31(';- <('++-(1*=*14!&-/$1*'+.)*%!8&'?-!0'9+!9)-+!

$/*-+$1-0! 2&';! *+0*=*03$/! 0*22-&-+(-.! *+! 0*223.*'+! ('++-(1';-.7! @*5-5! 84! %-&2'&;*+,!

1&$(1',&$%)4!*+!$!(';;'+!('++-(1';-A! *+0*($1-. !1)$1!%31$;-+<BC*!1&$(1',&$%)4!%$11-&+.!

0'!+'1!0-2*+-!$!(';;'+!$+$1';*(!&-,*'+!9-//!$+0!1)$17!$1!/-$.1!*+!DE7!*+0*=*03$/!0*22-&-+(-.!

$&-!.38.1$+1*$/5!F)*&0/47!1) -.-!*;%/*($1*'+.!2&';!1)-!"5GF!0$1$!.-1!9 -&-!('+2*&;-0!9*1)!1)-!HF!

BC*!;$%%*+,!@:*,3&-!I JA5!F)*.!0-;'+.1&$1-0!3+-K3*='($/!0*22-&-+(-.!*+!1)-!BC*!('++-(1*=*14!

1'%',&$%)4! 1'! 1)-! L" <%31$;-+! 8-19--+! %$1*-+1.5! M)*/-! 1)*.! 9'3/0! *0-$//4! )$=-! 8--+!

%-&2'&;-0!9*1)!1)-!"5GF!0$1$7!1)-!/'9-&!.%$1*$/!('+1&$.1!.1&3(13&$/!*;$,*+,!9$.!+'1!$0-K3$1-!

2'&! $! )*,)<2*0-/*14! .-,;-+1$1*'+! '2! BC*7! $+0! 1)-&-2'&-!9'3/0! %&'8$8/4! ,-+-&$1- ! ;$%.!

*+(/30*+,!.38.1$+1*=-!+3;8-&.!'2!+'+<BC*!='N-/.!$+0!-N(/30*+,!.38.1$+1*=-!+3;8-&.!'2!BC*!

='N-/.5!O'+-1)-/-..7! 1)-!&-.3/1.! '2!1)-.-!1)&--!$%%&'$()-.!9-&-! *+!$,&--;-+1!1)$1! *+1-&<

*+0*=*03$/!)-1-&',-+-*14!0'-.!-N*.15!:3&1)-&;'&-7!*1!*.!0*22*(3/1!1'!('+(-*=- !)'9!1)*.!&-.3/1 7!

1*-0!$.!*1!*.!1'!*;%&'=-;-+1!*+!(/*+*($/!'31(';-.7!;*,)1!$&*.-!2&';!$&1-2$(1!'&!8*$.!*+!'3&!0$1$5!

P$.1/47!$(?+'9/-0,*+, !1)-!(/$*;!*.!.38.1$+1*$/7!23&1)-&!.3%%'&1!*.!,*=-+!2&';!1)-!'8.-&=$1*'+!

1)$1!*+!*.'/$1*'+!8'1)!Q('++-(1*=*14R!$+0!Q(''&0*+$1-.R!('&&-/$1-!.1&'+,/4!9*1)!'31(';-.!@1)-!

/$11-&! 8-*+,! ,-+-&$//4! *+! /*+-! 9*1)! /*1-&$13&-! .1$+0$&0.A7! 831! 1)-! ('&&-/$1*'+!!"#$""% !

('++-(1*=*14! $+0! (''&0*+$1-.! 9$.! '+/4! 9-$?7! $+0! +'1! .1$1*.1*($//4! .*,+*2*($+1! @:*,3&-!HA5!

F)-&-2'&-7! *1!*.! S3.1*2*$8/-! 1'! .3%%'.-! 1)$1!1)*.! .1304! %&'=*0-.! $! %/$12'&;! 9)-&-! $+!

*+0*=*03$/*.-0! .3&,*($/! $%%&'$()! ($+! 8-! %3&.3-0! 3.*+,! %&-<'%-&$1*=-! 0*223.*'+! LT67! 9*1)!

('++-(1*=*14!Q)'1!.%'1.R!$.!$!;'0*2*-&5!6+*1*$/!EU>!%&',&$;;*+,!('3/0!8-!,3*0-0!*+!1)-!.$;-!

9 $45!J.!(/*+*($/!*;%&'=-;-+17!%$&1*(3/$&/4!1)-!1'+*(!(';%'+-+17!1$?-.!9--?.<1'<;'+1).!1'!



! "#$!

%&'()*+,-!+,(%./&,(0'!12032&%%('3!(+!45&//*'3('3!('!&!6&7!,5&,-!)02!*8&%1/*-!12032&%%('3!,0!

,2*&,!,2*%02!(+!'0,9!:'!,2*&,('3!;<-!,5*!('(,(&/!*/*4,20=*!40',&4,!40./=!>*!+*/*4,*=!>&+*=!0'!

1208(%(,7!,0!,5*!40''*4,(?(,7!50,!+10,9!!!

!

@.,6(,5! 0)! &'! A01,(%(+*=B! <CD! /04&,(0'-! +,2*'3,5! 0)! 40''*4,(?(,7-!>0,5!)20%! ,5*! 2*/*?&',!

+.23(4&/!,&23*,!&'=!6(,5('!,5*!=7+).'4,(0'&/!'*,602E !>20&=/7-!(+!&!12(%*!1.,&,(?*!*81/&'&,027!

)&4,02! )02! ?&2(&'4*! ('! 0.,40%*+9! :!+.110+*! ,5&,! ,0,&/! '*,602E! =7+).'4,(0'! ('! ;<! (+! >0,5!

40%%0'! &'=! 5*,*203*'0.+9! D.1102,('3! ,5(+-! /*+(0'+! F('*?(,&>/7! /*&=('3! ,0! /0++! 0)!

40''*4,(?(,7G!0)!'.%*20.+!'0=*+!4&'!120=.4*!,5*!+&%*!4/('(4&/!1(4,.2*9! !H&,(*',+!6(,5!+,20'3!

40''*4,(?(,7!6(,5('! ,5*! I" J1.,&%*' JKH(!/(%>!0)! ,5*! '*,602E!%&7!5&?*!%02*!10,*',(&/! ,0!

>*'*)(,! )20%! LMJKH(! <CD-! 65*2*&+! 0,5*2+! %&7! >*! >*,,*2! ,2*&,*=! 6(,5! DNO! <CD! 02! 0,5*2!

,2*&,%*',+9!P'/(E*! ,5*! KH(-! ,5*! DNO! 5&+! &! 4/0+*! 2*/&,(0'! ,0! ,5*! 4*2*>*//.%-"#" ! 65(45! &+!

=*,&(/*=!('!!"#"$!5&+!&'!.'=0.>,*=/7 !E*7!20/*!('!;<9!N5*!DNO!5&+!2*4(1204&/!40''*4,(0'+!6(,5!

,5*!HHO-$%&"#%&"#'!,520.35!65(45!(,!)02%+!,5(+!=(+7'&1,(4!40''*4,(0'!6(,5!,5*!4*2*>*//.%9"(# !

Q5(/*!+1*4./&,(?*-!('!&==(,(0'!,0!,5*!40''*4,(?(,7!>*,6**'!DNO!&'=!1&//(=.%-"#$!,5(+!DNOJHHOJ

4*2*>*//.%! /(%>! (+!&!1/&.+(>/*! 40%10'*',! 0)! ,5*! A;<! '*,602E B-! !65(45!65*'! 1&2,(4./&2/7!

+,20'3-!<CD!,0!,5*!DNO!%&7!>*!1&2,(4./&2/7!*))(4&4(0.+9!!

!

!"!"! # $%&%'('%)*+#

C0,5!,5*!=&,&!&'=!&'&/7+*+!('!,5(+!+,.=7!5&?*!(%102,&',!/(%(,&,(0'+9!!

!

R9R9R9"!;/('(4&/!+402*+!

Q5(/*! NQDNSDJ+! 2&,('3+! 6*2*! >/('=! ,0! 4022*+10'=('3! 40''*4,(?(,7! ?&/.*+-! ,5*7! 6*2*! '0,!

>/('=*=!,0!12*J!02!10+,J01*2&,(?*!+,&,.+9!N5*!12('4(1&/!40'4*2'!6(,5!2*+1*4,! ,0! ,5(+!/&4E!0)!



! "#$!

%&'()'(*!'+!,-.!/0++'%'&',1!02!'(2&3,'0(!02!/0+,40/.53,'6.!'7/506.7.(,8!05!7' ('7'+3,'0(!02!/0+, 4

0/.53,'6.! ).9&'(.8! 3('73,.)! %1! ,-.! .:/.9,3,'0(! 05! ;'+-! 205! ,-.! /509.)<5.! ,0! %.(.2',! ,-.!

/3,'.(,=! >0;.6.58! +<9-!%'3+!'+! &'?.&1! ,0! %.!+1+,.73,'98! 3()!,-.5.205.! 3+!71 !3(3&1+.+! 35.!

9055.&3,'0(3&8!,-'+!;0<&)!(0,!<().57'(.!05!%.!73,.5'3&&1!90(+.@<.(,'3&!205!3(1!02!71 !2'()'(*+!

05!90(9&<+'0(+=!A<//&.7.(,351!3(3&1+.+!&.6.53*'(*!9&'('93&!3++.++7.(,!6').0+!02!3!+37/&.!02!

,-.!+,<)1B+!/3,'.(,+!'()..)!'()'93,.!3(1!%'3+!'+!,5'6'3&!05!731!(0,!.6.(!.:'+,!C +..! D'*<5.!EF=!

!

E=E=E=G!H'22<+'0(!)3,3!

I-.! +/3,'3&!3()!3(*<&35!5.+0&<,'0(!02!,-.!)'22<+'0(!)3,3!'+!3,!,-.!&0;.5!.()!+<',3%&.!,0!/.52057!

71 !3(3&1+.+=!I-.5.!'+!(0!0%6'0<+!5.3+0(!;-1!+<9-!&'7',3,'0(+!;0<&)!*.(.53,.!3!23&+.!/0+','6.!

5.+<&,!C'=.=!,-.!73'(!2'()'(*!02!,-.!+,<)1F8!/35,'9<&35&1!'(!&'*-,!02!,-.!3(3&1+.+!,-3,!/0'(,!,0!3(!

<(90</&'(*! 02!J90((.9,'6',1 B!3()! J9005)'(3,.+B8! 3+! ;.&&! 3+! ,-.! <+.! 02! J)'+,3(9.! 9055.9,'0(B!

,539,0*53/-1=!>0;.6.58!3+!,-.!5.+0&<,'0(!3()!907/&.:',1!02!,-.!)'22<+'0(!70).&!'+!&0;8!,-'+!

;'&&!).95.3+.!+.(+','6',1!3()!,-.5.205.!'(95.3+.!,-.!5'+?!02!23&+.!(.*3,'6.+=!I-.!;-',.!73,,.5!

%.,;..(!,-.!KL'!3()!AIM8!%<,!/35,'9<&35&1!%.,;..(!KL'!3()!,-3&37<+8!'+!/35,'9<&35&1!907/&.:!

3()!731!(0,!-36.!%..( !3).@<3,.&1!70).&&.)!205!,-.!/<5/0+.+!02!,539,0*53/-1!'(!,-'+!+,<)1=!

N+!+<9-8!3!5.&3,'0(+-'/!%.,;..(!KL'O4PAIMQ,-3&37<+!3()!9&'('93&!'7/506.7.(,!2507!>D4HRA!

731!;.&&!.:'+,!3()!%..(!7'++.)=! I-.5.205.8!,-'+!+,<)1!+-0<&)!(0,!%.!'(,.5/5.,.)!3+!.6').(9.!

,-3,! 90((.9,'6',1! %.,;..(! KL'! 3()! ,-.+.! ,;0! (<9&.'! '+! <('7/05,3(,! 205! ,-.! ,-.53/.<,'9!

7.9-3('+7+! 02! >D4HRA=!I-'+! -'*-&'*-,+! ,-.! 3//50/5'3,.(.++! 3()! '7/05,3(9.! 02! 39@<'5'(*!

-'*-.5!5.+0&<,'0(!)'22<+'0(!)3,3!'2!5./&'93,'0(!02!,-'+!+,<)1!'+!3,,.7/,.)=!!

!

!

!



! "#$!

$%$%$%&!'() )*+(,-!./01.,2/0345 !

647! 0-0.,8(109! /,:*+.-7++! ,)! ./01.,2/0345! )(-;(-2+! 10-! 09<05+! :7! ;,*:.7;%! =9.(80.795>!

./01.,2/0345!(+!-,- ?(-@0+(@7>!0-;!:,.4!(-)7/7-.(09!0-;!(-;(/71.!(-!.47!1,-19*+(,-+!.40.!10-!:7!

;/0<-! )/,8! (.+! /7+*9.+%! '(/71.! @09(;0.(,-! (-! +371()(1! 0-0.,8(1! 10+7+! /7A*(/7+! 140997-2(-2!

(-@0+(@7!/7+70/14!.40.!(+!,-95!014(7@0:97!:5!3,+.?8,/.78!1,830/(+,-+>!8,+.!3/01.(10:95!(-!

-,- ?4*80-!3/(80.7+ !*+(-2! -7*/,-09! ./017/!7B37/(87-.+!0-; !;(++71.(,-%!C*14! /7+*9.+!40@7!

27-7/0.7;!0!4(24!;72/77!,)!+173.(1(+8!(-!+,87!0*.4,/+>!"# !0-;!0!90/27!08,*-.!,)!@0/(0:(9(.5!(-!

/7+*9.+!:7.<77-!;())7/7-.!./01.,2/0345!092,/(.48+!40+!:77-!,:+7/@7;!:5!,.47/+>!0+!<799!0+!

97++!0-0.,8(109!011*/015!,@7/!9,-27/!;(+.0-17+%!"$ !647!/7+*9.+!,)!,.47/!!0*.4,/+ !27-7/0.7!8,/7!

1,-)(;7-17! (-! .47! *+7! ,)! ./01.,2/0345! ),/! 1,--71.(@(.5! 7+.(80.7+>!"%! 30/.(1*90/95! ()!

./01.,2/0345! 092,/(.48+! 0/7! ,3.(8(+7;>!"& ! 0-;! .47! 1,-.7B.! ),/! )09+7! 3,+(.(@7+! 0-;! )09+7!

-720.(@7+!0/7!.0D7-!(-.,!011,*-.!(-!.47!(-.7/3/7.0.(,-!0-;!+.*;5!;7+(2-%!$'(!"" !E,-+(;7/(-2!.47!

7B37/(87-.09! <,/D! ,)! .4(+! 1403.7/! +371()(10995>! (-1/70+7;! 0-0.,8(109! 1,-)(;7-17! <,*9;!

/7A*(/7!4(+.,9,2(109!@09(;0.(,-!,)!.47!+371()(1!0-0.,85!(-@7+.(20.7;>!0+!40+!:77-!37/),/87;!(-!

,.47/! 0-0.,8(109!10+7+%')) !F.! (+!7B371.7;! .40.! .47!+./7089(-7+! ./01D! .47!4(2495!0-(+,./,3(1!

G(9+,-!37-1(9+!.40.!./0@7/+7!:7.<77-!.47!3*.087-!0-;!HI(%')!(')' !!

!

J*7+.(,-+!10-!09+,!:7!/0(+7;!/720/;(-2!.47!972(.(8015!0-;!(-.7/3/7.0.(,-!,)!.47!30/17990.(,-!

87.4,;,9,25! *+7;! (- ! .4(+! 1403.7/%! 647! .714-(A*7! 40+! 20(-7;!:/,0;! 3,3*90/(.5! +(-17! (.+!

(-173.(,->!<47/7! (.!<0+!0339(7;! .,! .47! .40908*+!(-!0-!0..783.! .,! ;780/10.7!+*:-*197( %!&' !

E970/95>! .47! 3*.087-! 10--,.! :7! 1,-+(;7/7;! (-! .4(+! <05! 0+! (.! (+! 15.,0/14(.714.,-(10995!

4,8,27-,*+!0-;!/717(@7+!1,/.(109!(-3*.!(-!0!;(+.(-1.95!30..7/-7;!57.!8,/7!;(+./(:*.7;!<05%!

K+! +*14>! .47! (-.7/3/7.0.(,-! /79(7+! ,-! .47! 1,-173.! ,)!140/01.7/(+0.(,-! @(0!/790.(@7! 1,/.(109!

1,--71.(@(.5! ;7-+(.5>! <4(14!(-! 3/(-1(397! +4,*9;! 10//5! 0! )*-1.(,-09!870-(-2 %!F.+! 0-0.,8(109!



! "#$!

%&'()(*+! ,&-! .*(''! /0! 120.*(3-0)! /2* 4! - 3-0*50'0..4! &66'(,&*(3-! 37! *5(.! ,3-,06*! (.! 8()0'+!

62/'(.50)!8(*5! *+6(,&''+!,390-*!:0.2'*. !*5&*!5&%0!.0:%0)!*3!/3'.*0:!(*.!,:0)(/('(*+; !"#$%&#' %&"!

!
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!



 
 
 
 
 
 
 
 
 
 

Luck is what happens when preparation meets opportunity. 
 
~ 
 

Lucius A. Seneca 


