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The use of electrical deep brain stimulation (DBS), during approximately the last thirty years, 

has been proven to provide striking benefits for patients with advanced Parkinson’s disease 

(PD), essential tremor (ET) and dystonia who have failed conventional therapies. In the interim, 

extended applications of this technique for the treatment of neuropsychiatric disorders have 

emerged, including treatment-refractory obsessive-compulsive disorder (OCD), Tourette‘s 

syndrome (TS), major depressive disorder (MDD), drug addiction and anorexia nervosa (AN).  

Challenges however exist and are principally related to the optimization of the efficiency of 

stimulation through refined strategies at multiple peri-operative levels. Particularly, in addition 

to appropriate patient selection and anatomical target determination, the outcome of DBS may 

be strongly influenced by the quality of post-operative clinical management, i.e. the adjustment 

of stimulation parameters and the selection of the optimal contact, usually over periods of weeks 

to months. This trial-and-error procedure entails important disantvantages: (a) it may not 

necessarily yield the optimal therapeutic window (i.e. the ratio of the threshold for stimulation-

induced side-effects to the induction threshold for therapeutic benefit) (b) it is considerably 

time-consuming, while movement and neuropsychiatric disorder symptoms may fluctuate over 

time-scales of seconds to days (c) the open-loop nature and monomorph pattern of standard 

high-frequency stimulation (regular, 130Hz) appears chronically to favor tolerance/habituation 

phenomena, while being associated with maximal energy consumption. Against this 

background, closed-loop neuromodulation is emerging as a more robust alternative and one of 

the most promising breakthroughs in the field of DBS. Principally, any algorithm designed for a 

maximally efficient closed loop DBS system shall conceptually satisfy two core specifications: 

the reliable assessment of optimal biomarkers for feedback control that capture the patient‘s 

clinical state in real time and the identification of temporally alternative stimulation protocols 

that may be more therapeutically- and energy-efficient compared with the conventional pattern 

of stimulation. 

In the framework of the current doctoral dissertation, stochastic dynamical models for the 

optimization of the clinical outcome of DBS in movement and neuropsychiatric disorders are 
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being developed. The ultimate goal is to algorithmically design a closed-loop DBS system for 

advanced PD and treatment-refractory OCD, ensuring optimal performance in terms of both 

efficiency and selectivity of stimulation, as well as in terms of computational speed. The main 

hypothesis we build upon is that temporally alternative DBS waveforms hold the potential to 

drive the neuronal dynamics within the basal ganglia back to the normal desynchronized state, 

thereby outperforming the action of standard DBS waveforms, the mechanism of which has 

been principally attributed to the reinforcement-driven regularization of neural firing patterns in 

the vicinity of the stimulated nucleus. On grounds of a stochastic phase model describing an 

ensemble of globally coupled chaotic oscillators driven by common noise, independent noise, 

and external forcing, and fitted to subthalamic MERs acquired during surgical interventions for 

PD and OCD, we first prove that the desynchronizing and probably also the therapeutic effect of 

low-frequency stochastic DBS waveforms may be significantly stronger compared with the 

effect of standard stimulation. Subsequently, relying upon a series of methods robust to the 

presence of measurement noise, we assess the presence of significant nonlinear coupling 

between beta and high-frequency subthalamic neuronal activity, as a biomarker for feedback 

control in the proposed closed-loop neuromodulation scheme, and further present a strategy, 

incorporating  the application of a modified version of the stochastic phase model (phase-

reduced bursting neuron model) and a derivative-free optimization algorithm (direct search 

optimization based on quadratic modeling), through which optimal stochastic patterns and 

parameters of stimulation for minimum energy desynchronizing control of neuronal activity are 

being identified. Cross-frequency coupling proves to be a consistently appropriate biomarker for 

feedback control in case of PD, but may display subject-specific applicability in case of OCD. 

We demonstrate the ability of the presented modeling approach to identify, at a relatively low 

computational cost, stimulation settings associated with a significantly higher efficiency and 

selectivity compared with stimulation settings determined during post-operative clinical 

management of patients with advanced PD and treatment-refractory OCD. Together, our data 

provide strong evidence for the applicability of computational neurostimulation to real-time, 

closed-loop DBS systems for movement and neuropsychiatric disorders. 

 

 

Keywords: electrical deep brain stimulation, Parkinson‘s disease, obsessive-compulsive 

disorder, subthalamic nucleus, microelectrode recordings, stochastic dynamical model, 

desynchronizing effect of stimulation, invariant density measure, clinical effectiveness, 

temporally alternative stimulation protocols, closed-loop neuromodulation, biomarkers for 

feedback control, nonlinear coupling, efficiency of stimulation, selectivity of stimulation, 

computational speed, computational neurostimulation
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Περίληψη 
 

 

 

 

 

 

 

 

H ρξήζε ηεο ειεθηξηθήο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο, θαηά ηε δηάξθεηα ησλ ηειεπηαίσλ 

ηξηάληα εηψλ πεξίπνπ, έρεη απνδεηρζεί φηη παξέρεη αμηνζεκείσηα νθέιε ζε αζζελείο κε 

πξνρσξεκέλν ζηάδην ηεο λόζνπ Πάξθηλζνλ (ΝΠ), ηδηνπαζή ηξφκν ή δπζηνλία πνπ δελ 

αληαπνθξίλνληαη ζε ζπκβαηηθέο ζεξαπείεο. Παξάιιεια, αλαδεηθλχνληαη ζηαδηαθά εθηεηακέλεο 

εθαξκνγέο ηεο ηερληθήο απηήο γηα ηε ζεξαπεία λεπξνςπρηαηξηθψλ δηαηαξαρψλ, 

ζπκπεξηιακβαλνκέλεο ηεο αλζεθηηθήο ζηε ζεξαπεία ηδενςπραλαγθαζηηθήο δηαηαξαρήο (ΙΦΓ), 

ηνπ ζπλδξφκνπ Tourette, ηεο κείδνλνο θαηαζιηπηηθήο δηαηαξαρήο, ηνπ εζηζκνχ ζε νπζίεο θαη 

ηεο λεπξηθήο αλνξεμίαο. Χζηφζν ππάξρνπλ πξνθιήζεηο νη νπνίεο ζρεηίδνληαη πξσηαξρηθά κε ηε 

βειηηζηνπνίεζε ηεο απνδνηηθφηεηαο ηεο δηέγεξζεο κέζσ εθιεπηπζκέλσλ ζηξαηεγηθψλ ζε 

πνιιαπιά πεξηεγρεηξεηηθά επίπεδα. ΢πγθεθξηκέλα, εθηφο απφ ηελ θαηάιιειε επηινγή ησλ 

αζζελψλ θαη ηνλ θαζνξηζκφ ηνπ αλαηνκηθνχ ζηφρνπ, ε έθβαζε ηεο ελ ησ βάζεη εγθεθαιηθήο 

δηέγεξζεο επεξεάδεηαη ζεκαληηθά απφ ηελ πνηφηεηα ηεο κεηεγρεηξεηηθήο θιηληθήο δηαρείξηζεο, 

δει. ηελ πξνζαξκνγή ησλ παξακέηξσλ δηέγεξζεο θαη ηελ επηινγή ηεο βέιηηζηεο επαθήο , 

ζπλήζσο ζε κία ρξνληθή πεξίνδν εβδνκάδσλ-κελψλ. Απηή ε δηαδηθαζία δνθηκήο-ζθάικαηνο 

ζπλεπάγεηαη ζεκαληηθά κεηνλεθηήκαηα: πξψηνλ, ελδερνκέλσο λα κελ επηθέξεη απαξαίηεηα ην 

βέιηηζην ζεξαπεπηηθό παξάζπξν (δει. ην ιφγν θαησθιίνπ γηα παξελέξγεηεο πξνθαινχκελεο απφ 

ηε δηέγεξζε πξνο ην θαηψθιη εκθάληζεο ζεξαπεπηηθνχ νθέινπο). Γεχηεξνλ, είλαη ηδηαίηεξα 

ρξνλνβφξα, ελψ ηα ζπκπηψκαηα ησλ λεπξνινγηθψλ θαη λεπξνςπρηαηξηθψλ δηαηαξαρψλ 

παξνπζηάδνπλ ζπλήζσο δηαθπκάλζεηο ζε ρξνληθέο θιίκαθεο δεπηεξνιέπησλ-εκεξψλ. Σξίηνλ, ε 

θχζε αλνηρηνχ βξφρνπ θαη ην κνλνκνξθηθφ πξφηππν ηεο ζπκβαηηθήο δηέγεξζεο πςειήο 

ζπρλφηεηαο (πεξηνδηθή δηέγεξζε 130Ηz) θαίλεηαη ρξφληα λα επλνεί θαηλφκελα αλεθηηθφηεηαο, 

ελψ ζπζρεηίδεηαη κε κέγηζηε θαηαλάισζε ελέξγεηαο. Δλάληηα ζε απηφ ην πιαίζην, ε 

λεπξνδηακόξθσζε θιεηζηνύ βξόρνπ ελδερνκέλσο λα απνηειεί κία πην ηζρπξή ελαιιαθηηθή θαη 

κία απφ ηηο ζεκαληηθφηεξεο εμειίμεηο ζην πεδίν ηεο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο. 

Πξσηαξρηθά, νπνηνζδήπνηε αιγφξηζκνο πνπ ζρεδηάδεηαη γηα έλα κέγηζηα απνδνηηθφ ζχζηεκα ελ 

ησ βάζεη εγθεθαιηθήο δηέγεξζεο θιεηζηνχ βξφρνπ ζα πξέπεη λα ηθαλνπνηεί δχν ζεκαληηθέο 

πξνδηαγξαθέο: ηνλ αμηφπηζην πξνζδηνξηζκφ βέιηηζησλ βηνδεηθηώλ γηα ηνλ έιεγρν αλάδξαζεο, νη 

νπνίνη λα απνηππψλνπλ ηελ θιηληθή θαηάζηαζε ηνπ αζζελή ζε πξαγκαηηθφ ρξφλν θαη ηνλ 
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θαζνξηζκφ ρξνληθά ελαιιαθηηθώλ πξσηνθόιισλ δηέγεξζεο ηα νπνία λα είλαη ζεξαπεπηηθά θαη 

ελεξγεηαθά πην απνδνηηθά ζε ζχγθξηζε κε ην ηππνπνηεκέλν πξφηππν δηέγεξζεο. 

 

΢ην πιαίζην ηεο παξνχζαο δηδαθηνξηθήο δηαηξηβήο, αλαπηχζζνληαη ζηνραζηηθά δπλακηθά 

κνληέια γηα ηε βειηηζηνπνίεζε ηνπ θιηληθνχ απνηειέζκαηνο ηεο ελ ησ βάζεη εγθεθαιηθήο 

δηέγεξζεο ζε θηλεηηθέο θαη λεπξνςπρηαηξηθέο δηαηαξαρέο. Ο απψηεξνο ζηφρνο είλαη λα 

ζρεδηαζηεί αιγνξηζκηθά έλα ζχζηεκα ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο θιεηζηνχ βξφρνπ γηα 

πξνρσξεκέλν ζηάδην ηεο ΝΠ θαη αλζεθηηθή ζηε ζεξαπεία ΙΦΓ, δηαζθαιίδνληαο βέιηηζηε 

επίδνζε ηφζν σο πξνο ηελ απνδνηηθόηεηα θαη επηιεθηηθόηεηα ηεο δηέγεξζεο, φζν θαη σο πξνο 

ηελ ππνινγηζηηθή ηαρύηεηα. Η βαζηθή ππφζεζε πάλσ ζηελ νπνία ζηεξηδφκαζηε είλαη φηη νη 

ρξνληθά ελαιιαθηηθέο θπκαηνκνξθέο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο έρνπλ ηε δπλαηφηεηα 

λα επαλνδεγνχλ ηε λεπξσληθή δπλακηθή εληφο ησλ βαζηθψλ γαγγιίσλ ζηε θπζηνινγηθή 

απνζπγρξνληζκέλε θαηάζηαζε, μεπεξλψληαο κε ηνλ ηξφπν απηφ ηελ επίδνζε ησλ ζπκβαηηθψλ 

θπκαηνκνξθψλ ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο, ν κεραληζκφο ησλ νπνίσλ έρεη πξσηαξρηθά 

απνδνζεί ζηελ θαλνληθνπνίεζε ησλ πξνηχπσλ λεπξσληθψλ εθθνξηίζεσλ ζηε γεηηνληά ηνπ 

δηεγεξκέλνπ ππξήλα. Βάζεη ελφο ζηνραζηηθνχ θαζηθνχ κνληέινπ ην νπνίν πεξηγξάθεη έλα 

ζχλνιν νιηθά ζπδεπγκέλσλ ρανηηθψλ ηαιαλησηψλ, νδεγνχκελσλ απφ θνηλφ ζφξπβν, 

αλεμάξηεην ζφξπβν θαη εμσηεξηθή επίδξαζε, θαη ην νπνίν πξνζαξκφδεηαη ζε ππνζαιακηθέο 

κηθξνειεθηξνδηαθέο θαηαγξαθέο αλαθηεκέλεο θαηά ηε δηάξθεηα εγρεηξεηηθψλ επεκβάζεσλ γηα 

ΝΠ θαη ΙΦΓ, απνδεηθλχεηαη πξψηα φηη ε απνζπγρξνληζηηθή θαη πηζαλφλ επίζεο ε ζεξαπεπηηθή 

επίδξαζε ησλ ρακειφζπρλσλ ζηνραζηηθψλ θπκαηνκνξθψλ ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο  

είλαη ζεκαληηθά πην ηζρπξή ζπγθξηηηθά κε ηελ αληίζηνηρε επίδξαζε ηεο ζπκβαηηθήο δηέγεξζεο. 

Αθνινχζσο, βάζεη κίαο ζεηξάο κεζφδσλ εχξσζησλ ζηελ παξνπζία ηνπ ζνξχβνπ κέηξεζεο, 

πξνζδηνξίδεηαη ε παξνπζία ζεκαληηθήο κε γξακκηθήο δεύμεο κεηαμχ ηεο ππνζαιακηθήο 

λεπξσληθήο δξαζηεξηφηεηαο βήηα θαη ηεο δξαζηεξηφηεηαο πςειήο ζπρλφηεηαο, σο βηνδείθηε 

γηα ηνλ έιεγρν αλάδξαζεο ζην πξνηεηλφκελν ζρήκα λεπξνδηακφξθσζεο θιεηζηνχ βξφρνπ, θαη 

παξνπζηάδεηαη πεξαηηέξσ κία ζηξαηεγηθή, ε νπνία ελζσκαηψλεη ηελ εθαξκνγή κίαο 

ηξνπνπνηεκέλεο έθδνζεο ηνπ ζηνραζηηθνχ θαζηθνχ κνληέινπ (εθαξκνγή θαζηθψο αλαγφκελνπ 

κνληέινπ λεπξψλα μεζπαζκάησλ) θαη έλαλ αιγφξηζκν βειηηζηνπνίεζεο αλεμάξηεην παξαγψγνπ 

(βειηηζηνπνίεζε απεπζείαο αλαδήηεζεο βαζηδφκελε ζε ηεηξαγσληθή κνληεινπνίεζε), κέζσ ηεο 

νπνίαο θαζνξίδνληαη βέιηηζηα ζηνραζηηθά πξφηππα θαη βέιηηζηεο παξάκεηξνη δηέγεξζεο γηα ηνλ 

απνζπγρξνληζηηθφ έιεγρν ηεο λεπξσληθήο δξαζηεξηφηεηαο κε ειάρηζηε θαηαλάισζε ελέξγεηαο. 

Η δηαζπρλνηηθή δέπμε απνδεηθλχεηαη φηη είλαη έλαο ζηαζεξά θαηάιιεινο βηνδείθηεο γηα ηνλ 

έιεγρν αλάδξαζεο ζηελ πεξίπησζε ηεο ΝΠ, αιιά ελδερνκέλσο λα παξνπζηάδεη 

εθαξκνζηκφηεηα εμεηδηθεπκέλε θαη‘αζζελή ζηελ πεξίπησζε ηεο ΙΦΓ. Απνδεηθλχεηαη ε 

ηθαλφηεηα ηεο παξνπζηαδφκελεο πξνζέγγηζεο κνληεινπνίεζεο λα πξνζδηνξίδεη, κε ζρεηηθά 

ρακειφ ππνινγηζηηθφ θφζηνο, ξπζκίζεηο δηέγεξζεο πνπ ζπζρεηίδνληαη κε κία ζεκαληηθά 
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πςειφηεξε απνδνηηθφηεηα θαη επηιεθηηθφηεηα ζε ζχγθξηζε κε ηηο ξπζκίζεηο δηέγεξζεο πνπ 

θαζνξίδνληαη θαηά ηε δηάξθεηα ηεο κεηεγρεηξεηηθήο θιηληθήο δηαρείξηζεο αζζελψλ κε 

πξνρσξεκέλν ζηάδην ηεο ΝΠ θαη αλζεθηηθή ζηε ζεξαπεία ΙΦΓ. ΢πλνιηθά, ηα δεδνκέλα 

παξέρνπλ ηζρπξέο απνδείμεηο γηα ηελ εθαξκνζηκφηεηα ηεο ππνινγηζηηθήο λεπξνδηέγεξζεο ζε 

πξαγκαηηθνχ ρξφλνπ ζπζηήκαηα ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο θιεηζηνχ βξφρνπ γηα 

θηλεηηθέο θαη λεπξνςπρηαηξηθέο δηαηαξαρέο.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Λέξεις κλειδιά: ειεθηξηθή ελ ησ βάζεη εγθεθαιηθή δηέγεξζε, Νφζνο Πάξθηλζνλ, 

ηδενςπραλαγθαζηηθή δηαηαξαρή, ππνζαιακηθφο ππξήλαο, κηθξνειεθηξνδηαθέο θαηαγξαθέο, 

ζηνραζηηθφ δπλακηθφ κνληέιν, απνζπγρξνληζηηθή επίδξαζε ηεο δηέγεξζεο, κέηξν ακεηάβιεηεο 

ππθλφηεηαο, θιηληθή απνηειεζκαηηθφηεηα, ρξνληθά ελαιιαθηηθά πξφηππα δηέγεξζεο, 

λεπξνδηακφξθσζε θιεηζηνχ βξφρνπ, βηνδείθηεο γηα ηνλ έιεγρν αλάδξαζεο, κε γξακκηθή δεχμε, 

απνδνηηθφηεηα δηέγεξζεο, επηιεθηηθφηεηα δηέγεξζεο, ππνινγηζηηθή ηαρχηεηα, ππνινγηζηηθή 

λεπξνδηέγεξζε
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Οη θνηλσλίεο κεζαίνπ θαη πςεινχ εηζνδήκαηνο ραξαθηεξίδνληαη απφ έλαλ αμηνζεκείσην θαη 

απμαλφκελν θφξην λεπξνινγηθψλ θαη λεπξνςπρηαηξηθψλ αζζελεηψλ, θπξίσο ιφγσ ηεο απνπζίαο 

απνηειεζκαηηθψλ ζεξαπεηψλ, αιιά θαη ελφο απμαλφκελα γεξάζθνληνο πιεζπζκνχ (Vos et al. 

2012, Murray et al. 2012, World Health Organization 2004, Kowal et al. 2013). ΢πλεπψο, 

πξνβάιιεη επηηαθηηθή ε αλάγθε γηα θαηλνηφκεο κεζφδνπο πξφιεςεο θαη ζεξαπείαο ησλ  

αζζελεηψλ απηψλ. Η ρξήζε ηεο ρξφληαο, ελ ησ βάζεη εγθεθαιηθήο ειεθηξηθήο δηέγεξζεο πςειήο 

ζπρλφηεηαο θαηά ηε δηάξθεηα ησλ ηειεπηαίσλ 30 εηψλ πεξίπνπ έρεη απνδεηρζεί φηη παξέρεη 

αμηνζεκείσηα νθέιε γηα αζζελείο κε λφζν Πάξθηλζνλ  (ΝΠ) (Deuschl et al. 2006), ηδηνπαζή 

ηξφκν (Zhang et al. 2010) θαη δπζηνλία (Kumar et al. 1999), νη νπνίνη δελ αληαπνθξίλνληαη ζε 

ζπκβαηηθέο ζεξαπείεο. Παξάγνληεο-θιεηδί αλάπηπμεο απηήο ηεο πξσηνπνξηαθήο εθαξκνγήο 

απνηέιεζαλ νη αμηνζεκείσηεο εμειίμεηο ζηελ δνκηθή θαη ιεηηνπξγηθή εγθεθαιηθή απεηθφληζε 

θαη ηελ εγρεηξεηηθή ηερλνινγία, αιιά θαη ε θαιιηέξγεηα κηαο βαζχηεξεο θαηαλφεζεο ηεο 

νξγάλσζεο θαη ηεο παζνθπζηνινγίαο ησλ βαζηθψλ γαγγιίσλ (Lozano and Lipsman 2013). 

Απηνί νη παξάγνληεο πξνεηνίκαζαλ ην έδαθνο γηα ηελ κεηαηξνπή αλαηνκηθν-ιεηηνπξγηθψλ 

αξρψλ ζε βέιηηζηα ζεξαπεπηηθέ εγρεηξεηηθέο ζηξαηεγηθέο (Benabid 2012). Παξάιιεια κε ηελ 

θαζηέξσζε ηεο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο σο κίαο αζθαινχο θαη απνηειεζκαηηθήο 

ζεξαπεπηηθήο κεζφδνπ γηα θηλεηηθέο δηαηαξαρέο, θαηλνηφκεο εθαξκνγέο απηήο ηεο ηερληθήο γηα 

ηελ αληηκεηψπηζε λεπξνςπρηαηξηθψλ δηαηαξαρψλ εκθαλίζηεθαλ θαηά ηε δηάξθεηα ησλ 

ηειεπηαίσλ 15 εηψλ ζπκπεξηιακβαλνκέλεο ηεο ηδενςπραλαγθαζηηθήο δηαηαξαρήο (ΙΦΓ) (Nuttin 

et al. 1999), ηνπ ζπλδξφκνπ Tourette (Vandewalle et al.1999), ηεο κείδνλνο θαηαζιηπηηθήο 

δηαηαξαρήο (Mayberg et al. 2005), ηνπ εζηζκνχ ζε νπζίεο (Muller et al. 2009) θαη ηεο λεπξηθήο 

αλνξεμίαο (Lipsman et al. 2013).  Η κε-αθαηξεηηθή θχζε ηεο ελ ησ βάζεη εγθεθαιηθήο 

δηέγεξζεο , ε πξνζαξκνζηηθφηεηα θαη ε θαηλνκεληθή αλαζηξεςηκφηεηα (Benabid et al. 2009) 

έρνπλ κεηαηξέςεη απηή ηε ζεξαπεπηηθή επηινγή ζην πην ηαρέσο δηεπξπλφκελν πεδίν ηεο 

λεπξνρεηξνπξγηθήο. Μέρξη ζήκεξα, ν αξηζκφο ησλ αζζελψλ πνπ έρνπλ ππνβιεζεί ζε εγρείξεζε 

ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο εθηηκάηαη πσο έρεη μεπεξάζεη ηνπο 100,000 παγθνζκίσο. 

Απφ επηζηεκνληθήο πιεπξάο, ε ελ ησ βάζεη εγθεθαιηθή δηέγεξζε έρεη απνηειέζεη ζεκείν 

αλαθνξάο δηαθξηηψλ επηζηεκνληθψλ θαη εξεπλεηηθψλ θιάδσλ. Καηά θχξην ιφγν φκσο έρεη 
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ζπληειέζεη ζεκαληηθά ζηελ ‗αλαγέλλεζε‘ ησλ λεπξνεπηζηεκψλ, παξέρνληαο ηε δπλαηφηεηα 

δηεμαγσγήο in vivo έξεπλαο ζε εγθεθαιηθά δίθηπα θηλεηηθψλ, δηαλνεηηθψλ θαη 

ζπλαηζζεκαηηθψλ ιεηηνπξγηψλ. Σν γεγνλφο απηφ αληηθαηνπηξίδεηαη ζηηο πεξηζζφηεξεο απφ 700 

κειέηεο ζρεηηδφκελεο κε ηελ ελ ησ βάζεη εγθεθαιηθή δηέγεξζε, νη νπνίεο δεκνζηεχνληαη θάζε 

ρξφλν (Lozano and Lipsman 2013). Χζηφζν, απηφο ν ελζνπζηαζκφο είλαη απαξαίηεην λα 

κεηξηαζηεί κέζσ κηαο πξνζεθηηθήο ζεψξεζεο ησλ ζρεηηδφκελσλ εζηθψλ αξρψλ. Παξφιν πνπ νη 

ππάξρνληεο εζηθνί θαλφλεο θαη ην ξπζκηζηηθφ πιαίζην δηαζθαιίδνπλ ζε ηθαλνπνηεηηθφ βαζκφ 

ηελ νξζή κεηαρείξηζε ηεο λεπξνρεηξνπξγηθήο γηα θηλεηηθέο θαη λεπξνςπρηαηξηθέο δηαηαξαρέο 

(Greenberg et al. 2010 (a)), παξακέλεη αθφκε επηηαθηηθή ε αλάγθε λα ζθηαγξαθεζνχλ πιήξσο 

νη ζρεηηθέο εζηθέο θαη θνηλσληθέο πξνθιήζεηο θαη λα θαζηεξσζνχλ ζε παγθφζκην επίπεδν εζηθνί 

θαλνληζκνί γηα ηηο κειινληηθέο θιηληθέο δνθηκέο (Bell and Racine 2012, Fins et al. 2011, 

Lipsman et al. 2010). Η πξνζηαζία ηνπ αζζελή ζα πξέπεη αλακθίβνια λα απνηειέζεη ηνλ 

θεληξηθφ άμνλα ελφο ζηέξενπ πιαηζίνπ απνηχπσζεο εζηθψλ θαλνληζηηθψλ αξρψλ (Clausen 

2010). 

Η ελ ησ βάζεη εγθεθαιηθή δηέγεξζε απνηειεί κία ζεξαπεπηηθή πξνζέγγηζε βαζηδφκελε ζηελ 

αξρή ηεο λεπξνηξνπνπνίεζεο, δει. ηεο κεηαβνιήο ηεο παζνινγηθήο λεπξσληθήο 

δξαζηεξηφηεηαο ζηνλ ππξήλα-ζηφρν θαη ηα ζπλδεδεκέλα λεπξσληθά δίθηπα κε ρξήζε 

ειεθηξηθνχ ξεχκαηνο παξερφκελνπ κέζσ ελδνεγθεθαιηθά εκθπηεπκέλσλ ειεθηξνδίσλ 

ζπλδεδεκέλσλ ζε έλαλ εκθπηεχζηκν παικνδφηε. Σν ζχζηεκα ελ ησ βάζεη εγθεθαιηθήο 

δηέγεξζεο Medtronic απνηειείηαη απφ έλαλ (ή δχν ζηελ πεξίπησζε ακθίπιεπξεο δηέγεξζεο) 

αγσγφ (αγσγνχο) κε 4 θπιηλδξηθέο επαθέο (δηακέηξνπ 1.27mm, χςνπο 1.5mm θαη απφζηαζεο 

1.5mm ή 0.5mm κεηαμχ ηνπο) πνπ εκθπηεχνληαη εγρεηξεηηθά ζηνλ επηιεγκέλν ππξήλα ηνπ 

εγθεθάινπ θαη ζπλδένληαη ππνδφξηα  κε ηνλ εκθπηεχζηκν παικνδφηε ζηελ ππνθιείδην πεξηνρή. 

Ο εκθπηεχζηκνο παικνδφηεο είλαη κία πξνγξακκαηηδφκελε θαη ελδερφκελα επαλαθνξηηδφκελε 

δηάηαμε παξφκνηα κε ηνπο κνληέξλνπο θαξδηαθνχο παικνδφηεο πνπ παξέρεη ζπλερή δηέγεξζε. Η 

εγρείξεζε ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο βαζίδεηαη ζηηο αξρέο ηεο ζηεξενηαθηηθήο θαη 

ιεηηνπξγηθήο λεπξνρεηξνπξγηθήο θαη κπνξεί λα δηεμαρζεί κε ή ρσξίο πιαίζην (Lozano et al. 

2009). ΢ε νπνηαδήπνηε απφ ηηο δχν πξναλαθεξφκελεο πεξηπηψζεηο, ε αθξηβήο ηνπνζέηεζε ηνπ 

ειεθηξνδίνπ βαζίδεηαη  ζηελ πξνεγρεηξεηηθή ζηεξενηαθηηθή ζηφρεπζε θαη ζε δηεγρεηξεηηθέο 

ηερληθέο ειεθηξνθπζηνινγηθήο ραξηνγξάθεζεο πνπ ζπλήζσο εθαξκφδνληαη ππφ ηνπηθή 

αλαηζζεζία (Abosch et al. 2013). Η πξνεγρεηξεηηθή  ζηεξενηαθηηθή ζηφρεπζε επηηπγράλεηαη 

κέζσ κνληέξλσλ ηερληθψλ νπηηθνπνίεζεο (απεηθφληζε καγλεηηθνχ ζπληνληζκνχ ρσξίο πιαίζην 

θαη ππνινγηζηηθή ηνκνγξαθία βαζηδφκελε ζε πιαίζην), ελψ νη δηεγρεηξεηηθέο ηερληθέο 

ειεθηξνθπζηνινγηθήο ραξηνγξάθεζεο πνπ ζπλήζσο ρξεζηκνπνηνχληαη αθνξνχλ ζηηο  

κηθξνειεθηξνδηαθέο θαηαγξαθέο λεπξσληθήο δξαζηεξηφηεηαο ζηνλ ππξήλα ζηφρν θαη ζηελ 

καθξνδηέγεξζε, δει. ηε δηεγρεηηεξηθή δηέγεξζε κε απμαλφκελε ηάζε εθαξκνδφκελε κέζσ ελφο 

εμσηεξηθνχ παικνδφηε γηα ηνλ θαζνξηζκφ ηνπ ζεκείνπ εκθχηεπζεο πνπ ζπζρεηίδεηαη κε ην 
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βέιηηζην ζεξαπεπηηθό παξάζπξν (ιφγνο ηνπ θαησθιίνπ εκθάληζεο δπζκελψλ απνηειεζκάησλ-

παξελεξγεηψλ πξνο ην θαηψθιη εκθάληζεο θιηληθήο απνηειεζκαηηθφηεηαο) (Abosch et al. 2013, 

Marceglia et al. 2010, Krack et al. 2002). Χζηφζν αμίδεη λα ζεκεησζεί φηη ζε νξηζκέλα 

ρεηξνπξγηθά θέληξα έρνπλ πηνζεηεζεί  ζηξαηεγηθέο πνπ δε βαζίδνληαη ζηελ 

ειεθηξνθπζηνινγηθή ραξηνγξάθεζε (Foltynie et al. 2010). Δθηφο απφ ηελ αθξηβή ηνπνζέηεζε 

ηνπ ειεθηξνδίνπ, ην απνηέιεζκα ηεο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο θαζνξίδεηαη 

ζεκαληηθά απφ ηελ κεηεγρεηξεηηθή θιηληθή δηαρείξηζε (Volkmann et al. 2004, Benabid et al. 

2009). ΢πγθεθξηκέλα, κεηά ηελ εκθχηεπζε ηνπ ζπζηήκαηνο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο, 

νη παξάκεηξνη δηέγεξζεο θαη ε θαξκαθεπηηθή αγσγή ζα πξέπεη λα θαζνξηζηνχλ κε ηξφπν ψζηε 

λα νδεγνχλ ζην βέιηηζην ζεξαπεπηηθφ απνηέιεζκα. Οη δφζεηο θαξκαθεπηηθήο αγσγήο, πνπ 

έρνπλ ήδε κεησζεί πξνεγρεηξεηηθά, κεηψλνληαη πεξαηηέξσ θαη ξπζκίδνληαη κε ηξφπν 

ζπκβηβαζηηθφ.  Αλαθνξηθά κε ηηο παξακέηξνπο δηέγεξζεο, απηέο ζε πξψηε θάζε ζπλήζσο 

πεξηιακβάλνπλ δηάξθεηα παικνχ 60κs, ζπρλφηεηα δηέγεξζεο 130 Hz θαη θπκαηλφκελε ηάζε 

(Volkmann et al. 2004).  

Καηά θχξην ιφγν, ε ελ ησ βάζεη εγθεθαιηθή δηέγεξζε έρεη φρη κφλν απνηειέζεη κηα δπλακηθή 

θιηληθή πξννπηηθή γηα ηελ αληηκεηψπηζε θηλεηηθψλ θαη λεπξνςπρηαηξηθψλ δηαηαξαρψλ – βάζεη 

ηεο αληηζηξεςηκφηεηαο, ηεο πξνζαξκνζηηθφηεηαο θαη ηεο ζπζρέηηζήο ηεο κε ρακεινχο δείθηεο 

ζλεζηκφηεηαο – αιιά θαη ζπληειέζεη ζηελ απνθξππηνγξάθεζε ηφζν ηεο ιεηηνπξγηθφηεηαο ησλ 

ππξήλσλ-ζηφρσλ θαηά ηε δηάξθεηα ηεο εθδήισζεο ή ηεο ππνρψξεζεο ησλ ζπκπησκάησλ φζν 

θαη ησλ κεραληζκψλ δξάζεο ηεο δηέγεξζεο απηήο θαζεαπηήο (Lozano et al. 2010 (a), Pollak et 

al. 2002). Απηέο νη κνλαδηθέο δπλαηφηεηεο  παξαζρέζεθαλ πξσηαξρηθά κέζσ ησλ 

δηεγρεηξεηηθψλ κηθξνειεθηξνδηαθψλ θαηαγξαθψλ θαη ησλ ηερληθψλ ιεηηνπξγηθήο δηέγεξζεο, 

φπσο επίζεο θαη κέζσ ησλ θαηαγξαθψλ δπλακθψλ ηνπηθνχ πεδίνπ θαη ηεο κεηεγρεηξεηηθά 

εθαξκνζκέλεο δηέγεξζεο. Καηαξρήλ, θαηά ηε δηάξθεηα ησλ δηεγρεηξεηηθψλ 

κηθξνειεθηξνδηαθψλ θαηαγξαθψλ πνπ ιακβάλνληαη ζε θαηάζηαζε εξεκίαο ή σο απφθξηζε ζε 

δηάθνξνπο θηλεηηθνχο θαη δηαλνεηηθνχο  ρεηξηζκνχο, κπνξνχλ λα πξνζδηνξηζηνχλ θπζηνινγηθά 

θαη παζνινγηθά κνηίβα λεπξσληθήο δξαζηεξηφηεηαο θαη λα απνδνζνχλ ζε έλαλ ζπγθεθξηκέλν 

ππξήλα ζηφρν ή ζε κηα ππν-πεξηνρή απηνχ (Levy et al. 2000, Weinberger et al. 2006, Piallat et 

al. 2011, Wong et al. 2009, Rodriguez-Oroz et al. 2001, Lozano et al. 2010 (a), Zaghoul et al. 

2009, 2012; Patel et al. 2012). Γεχηεξνλ, θαηά ηε δηάξθεηα ηεο δηεγρεηξεηηθήο  θαη ηεο 

κεηεγρεηξεηηθήο καθξνδηέγεξζεο κπνξνχλ λα απνηηκεζνχλ ηφζν νη  σθέιηκεο φζν θαη νη 

δπζκελείο επηδξάζεηο ηεο δηέγεξζεο ζηνπο ππξήλεο-ζηφρνπο θαη θαη‘απηφλ ηνλ ηξφπν λα 

αλαδεηρζεί ν ιεηηνπξγηθφο ξφινο ησλ δνκψλ απηψλ (Pollak et al. 2002, Nuttin et al. 2003, 

Greenberg et al. 2006, Mayberg et al. 2005, Vandewalle et al. 1999,  Lipsman et al. 2013, 

Mallet et al. 2008, Hershey et al. 2010, Greenhouse et al. 2011). Σέινο, ε εθηίκεζε ηεο 

δξαζηεξηφηεηαο  δπλακηθψλ ηνπηθνχ πεδίνπ κεηεγρεηξεηηθά, δει. ζην δηάζηεκα κεηαμχ ηεο 

εκθχηεπζεο ηνπ ειεθηξνδίνπ δηέγεξζεο θαη ηεο ζπλαθφινπζεο ζχλδεζήο ηνπ ζηνλ ππνδφξην 
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παικνδφηε απνηειεί κία πξνζέγγηζε πνπ έρεη νδεγήζεη ζε ζεκαληηθέο δηαπηζηψζεηο αλαθνξηθά 

ηφζν κε ην ραξαθηεξηζκφ ησλ παζνθπζηνινγηθψλ κεραληζκψλ πνπ ζπλδένληαη κε ηελ εκθάληζε 

ησλ λεπξνινγηθψλ δηαηαξαρψλ (Brown et al. 2001, Lopez-Azcarate et al. 2010), φζν θαη κε 

ηνπο κεραληζκνχο δξάζεο ηεο δηέγεξζεο (Kühn et al. 2008). 

 

Αζζελείο κε ηδηνπαζή πξνρσξεκέλν ζηάδην ηεο ΝΠ θαη κε θαξκαθνινγηθά αλζεθηηθέο 

θηλεηηθέο δηαθπκάλζεηο, αλζεθηηθφ ηξφκν, ή κε αλεθηηθφηεηα ζηηο δπζκελείο επηδξάζεηο ηεο 

θαξκαθνινγηθήο ζεξαπείαο, πνπ επηπιένλ δελ παξνπζηάδνπλ ζεκαληηθά ελεξγά δηαλνεηηθά ή 

ςπρηαηξηθά πξνβιήκαηα, απνηεινχλ θαηάιιεινπο ππνςεθίνπο γηα ελ ησ βάζεη εγθεθαιηθή 

δηέγεξζε πςειήο ζπρλφηεηαο. Η εγρείξεζε ζα πξέπεη λα δηεμάγεηαη απφ έκπεηξεο 

πνιπεπηζηεκνληθέο νκάδεο (Bronstein et al. 2011, Lozano 2012). Ο ππνζαιακηθφο ππξήλαο 

είλαη ζπλεζέζηεξα ν  πξνηεηλφκελνο ζηφρνο δηέγεξζεο γηα πξνρσξεκέλν ζηάδην ηεο ΝΠ 

(Benabid et al. 2009, Schuurman and Bosch 2007, Lozano 2012, Albanese and Romito 2011, 

Oderkerken et al. 2013, Foltynie and Hariz 2010). Μεγάιεο ηπραηνπνηεκέλεο ειεγρφκελεο 

κειέηεο έρνπλ ππνδείμεη κία ζεκαληηθά πςειφηεξε απνηειεζκαηηθφηεηα ηεο ελ ησ βάζεη 

εγθεθαιηθήο δηέγεξζεο ππνζαιακηθνχ ππξήλα γηα πξνρσξεκέλν ζηάδην ηεο ΝΠ ζε ζχγθξηζε κε 

ηελ απνθιεηζηηθή ηαηξηθή δηαρείξηζε (Williams et al. 2013, Deuschl et al. 2006, Weaver et al 

2009, Okun et al. 2012). ΢πγθεθξηκέλα ε ελ ησ βάζεη εγθεθαιηθή δηέγεξζε ηνπ ππνζαιακηθνχ 

ππξήλα έρεη απνδεηρζεί φηη επηθέξεη αμηνζεκείσηε θαη καθξάο δηαξθείαο  βειηίσζε ησλ 

ζπκπησκάησλ πνπ αληαπνθξίλνληαη ζηε levodopa θαη ηνπ ηξφκνπ, θαζψο επίζεο φηη εμαιείθεη 

ζεκαληηθά ηε δπζθηλεζία θαη ηηο θηλεηηθέο δηαθπκάλζεηο ζε αζζελείο κε πξνρσξεκέλν ζηάδην 

ηεο ΝΠ (Bronstein et al.2011, Castrioto et al. 2011 (a), Zibetti et al. 2011, Fasano et al. 2010, 

Rizzone et al. 2014, Moro et al. 2010, Vitek 2012 (a), Sturman et al. 2004, Hamani et al. 2011, 

Krack et al. 2003). ΢ε αληίζεζε κε ηα πεξηθεξηθά ζπκπηψκαηα, σζηφζν, ε εμέιημε ησλ 

αμνληθψλ θηλεηηθψλ ζπκπησκάησλ, ζπκπεξηιακβαλνκέλσλ ηεο αλζεθηηθήο ζηε levodopa 

δηαηαξαρή ηεο βάδηζεο θαη ηεο αζηάζεηαο ηεο ζηάζεο, παξακέλεη αλεμέιεγθηε αθφκε θαη κεηά 

ηελ επέκβαζε ηεο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα (Castrioto et 

al. 2011 (a), Zibetti et al. 2011, Fasano et al. 2010, Rizzone et al. 2014, Moro et al. 2010, Krack 

et al. 2003, Rodriguez-Oroz 2012). Έρεη επίζεο αλαθεξζεί ε αλάπηπμε κε-θηλεηηθψλ 

ζπκπησκάησλ ζπκπεξηιακβαλνκέλσλ ζεκαληηθψλ δηαλνεηηθψλ δηαηαξαρψλ, θαηάζιηςεο ή 

άγρνπο, θαη κία αμηνζεκείσηε επηδείλσζε ηεο θαηαιεπηφηεηαο ηεο νκηιίαο θαηά ηε δηάξθεηα 

κηαο καθξάο πεξηφδνπ κεηά ηελ επέκβαζε ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο ππνζαιακηθνχ 

ππξήλα (Rizzone et al. 2014, Zibetti et al. 2011, Tripoliti et al. 2011, Moro et al. 2010, 

Klostermann et al. 2008, Temel et al. 2006 (a), Voon et al. 2006, 2008, Guehl et al. 2006, Krack 

et al. 2003, Rodriguez-Oroz et al. 2012). Οη Rizzone et al (2014) έρνπλ αλαθέξεη φηη ε 

πξνρσξεκέλε ειηθία θαηά ηελ έλαξμε ηεο αζζέλεηαο, πςειφ αμνληθφ ζθνξ ζηελ θαηάζηαζε off  

θαη ε παξνπζία ζπκπεξηθνξηθήο δηαηαξαρήο ηνπ χπλνπ ζπζρεηίδνληαη κε έλαλ πςειφηεξν 
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θίλδπλν αλάπηπμεο αλαπεξίαο κε ηελ πάξνδν ηνπ ρξφλνπ ππφ ηελ ελ ησ βάζεη εγθεθαιηθή 

δηέγεξζε ηνπ ππνζαιακηθνχ ππξήλα. Παξνιαπηά, ε ελ ησ βάζεη εγθεθαιηθή δηέγεξζε ηνπ 

ππνζαιαηκηθνχ ππξήλα έρεη απνδεηρζεί φηη απνηειεί κία πην απνηειεζκαηηθή ζεξαπεία 

ζπγθξηηηθά κε ηελ παιηδνηνκή (Esselink et al. 2009). Γεληθά, εθηηκάηαη φηη ιηγφηεξν απφ ην 5% 

ησλ αζζελψλ κε ΝΠ πιεξνχλ ηα θξηηήξηα επηινγήο γηα ηελ ελ ησ βάζεη εγθεθαιηθή δηέγεξζε 

ηνπ ππνζαιακηθνχ ππξήλα. Σν κεγαιχηεξν κέξνο ησλ απνθιεηζκψλ νθείιεηαη ζε πξψηκε θάζε 

ηεο λφζνπ (Morgante et al. 2007). Χζηφζν, δχν αλακελφκελεο, ηπραηνπνηεκέλεο θιηληθέο 

δνθηκέο πξνζαλαηνιίδνληαη πξνο ηελ απνηίκεζε ηεο επίδξαζεο ελ ησ βάζεη εγθεθαιηθήο 

δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα γηα αζζελείο ζε πξψηκε θάζε ηεο λφζνπ  (Deuschl et al. 

2013, Kahn E et al. 2012). Η πξψηε δνθηκή νξίδεη σο αζζελείο κε πξψηκε ΝΠ φζνπο εκθάληζαλ 

πξφζθαηε έλαξμε θηλεηηθψλ επηπινθψλ πξνθαινχκελσλ απφ levodopa (<3 ρξφληα) (Deuschl et 

al. 2013), ελψ ε δεχηεξε δνθηκή ζπκπεξηιακβάλεη αζζελείο πνπ βξίζθνληαη ππφ ζεξαπεία κε 

αληηπαξθηλζνληθή αγσγή (levodopa ή αγσληζηέο ληνπακίλεο) γηα κία πεξίνδν κεγαιχηεξε απφ 6 

κήλεο θαη κηθξφηεξε απφ 4 ρξφληα, ρσξίο εθθίλεζε θηλεηηθψλ επηπινθψλ πξνθαινχκελσλ απφ 

levodopa (Kahn E et al. 2012). Σα ζπκπεξάζκαηα-θιεηδί ησλ κειεηψλ απηψλ αλακέλεηαη λα 

αθνξέζνπλ,  απφ ηε κία πιεπξά, ζηνλ θαζνξηζκφ ηεο αζθάιεηαο θαη αλεθηηθφηεηαο ηεο ελ ησ 

βάζεη εγθεθαιηθήο δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα εθαξκνζκέλεο ζε πξψηκε θάζε ηεο 

ΝΠ θαη, απφ ηελ άιιε πιεπξά, ζηελ επηβεβαίσζε κηαο ελδερφκελεο λνζνηξνπνπνηεηηθήο 

επίδξαζεο, βάζεη ελδείμεσλ λεπξνπξνζηαηεπηηθήο δξάζεο ηεο ελ ησ βάζεη εγθεθαιηθήο 

δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα (Temel et al. 2006 (b), Harnack et al. 2008, Wallace et al. 

2007, Spieles-Engemann et al. 2010, deSouza et al. 2013, Albanese and Romito 2011). 

Αλαθνξηθά κε ηελ κνλφπιεπξε ελ ησ βάζεη εγθεθαιηθή δηέγεξζε  ηνπ ππνζαιακηθνχ ππξήλα, 

απηή έρεη ππνδεηρζεί φηη βειηηψλεη ηα εηεξφπιεπξα θηλεηηθά ζπκπηψκαηα ηεο ΝΠ θαη φηη 

απνηειεί κία ελαιιαθηηθή ηεο ακθίπιεπξεο δηέγεξζεο, ηδηαίηεξα γηα αζζελείο κε εκθαλή 

αζπκκεηξία ζπκπησκάησλ (Alberts et al. 2008 (a), Alberts et al. 2008 (b), Castrioto et al. 

2011(b), Walker et al. 2009, Brun et al. 2012), αιιά θαη γηα ειηθησκέλνπο αζζελείο, θαζψο 

ζπλδέεηαη κε έλαλ ρακειφηεξν βαζκφ δηαλνεηηθψλ επηπινθψλ (Slowinski et al. 2007).  

 

Παξά ηε ζπλερή αλάπηπμε ησλ ζπζηεκάησλ ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο , ηα πνζνζηά 

ησλ δπζκελψλ επηδξάζεσλ πνπ ζπλδένληαη κε ηελ εγρεηξεηηθή δηαδηθαζία θαη ηνλ ηερληθφ 

εμνπιηζκφ παξακέλνπλ αθφκε ζρεηηθά πςειά, απνηειψληαο έλα κείδσλ κεηνλέθηεκα ηεο 

ζεξαπεπηηθήο απηήο δπλαηφηεηαο (Shih and Tarsy 2011, Burdick et al. 2010, Lozano 2012, 

Morishita et al. 2013, Vergani et al. 2010, Chan et al. 2009,  Rezai et al. 2006). Οη επηπινθέο 

πνπ ζπλδένληαη κε ηελ εγρεηξεηηθή δηαδηθαζία ζπλήζσο αθνξνχλ ζηελ ελδνθξαληαθή 

αηκνξξαγία, ελψ έρνπλ αλαθεξζεί αθφκε πεξηπηψζεηο δηεγρεηξεηηθήο ζχγρπζεο,  κεηαηφπηζεο 

ηνπ αγσγνχ, κφληκεο λεπξνινγηθήο βιάβεο ή ζαλάηνπ (Zrinzo et al. 2011, 2012;Voges et al. 

2007, Favre et al. 2002, Boviatsis et al. 2010, Pepper et al. 2013, Oh et al. 2002, Guridi et al. 
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2012, Linchares et al. 2013). Οη δπζκελείο επηδξάζεηο πνπ ζπλδένληαη κε ηελ εγρεηξεηηθή 

δηαδηθαζία θαη ηνλ ηερληθφ εμνπιηζκφ παξαηεξνχληαη πεξίπνπ ζην 6.5 θαη 9% ησλ αζζελψλ, 

αληηζηνίρσο (Vergani et al. 2010, Hamani et al. 2004). Δπηπξφζζεηα, πεξίπνπ ζην 19% ησλ 

αζζελψλ έρνπλ θαηαγξαθεί δπζκελείο επηδξάζεηο πνπ ζπλδένληαη κε ηε δηέγεξζε, φπσο νη 

παξαηζζεζίεο, ε δπζαξζξία θαη νη θηλεηηθέο επηπινθέο (Hamani et al. 2004). Χζηφζν, νη 

επηδξάζεηο απηέο είλαη ήπηεο θαη κπνξνχλ λα αλαζηξαθνχλ κέζσ ηεο νξζήο πξνζαξκνγήο ησλ 

παξακέηξσλ δηέγεξζεο. Η εηδηθή πεξίπησζε ηνπ κεηεγρεηξεηηθνχ εγθεθαιηθνχ νηδήκαηνο 

πεξηθεξηθά ηνπ αγσγνχ ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο ζεσξείηαη κία κεηαβαηηθή δπζκελήο 

επίδξαζε κε αδηεπθξίληζηε αηηηνπαζνθπζηνινγία (Deogaonkar et al. 2011, Morishita et al. 

2010). 

 

Δθηηκάηαη φηη πεξίπνπ ην 10% ησλ αζζελψλ κε ΙΦΓ εθδειψλνπλ ζνβαξά, αλζεθηηθά ζηε 

ζεξαπεία ζπκπηψκαηα (Denys 2006). Γηα κία επηιεγκέλε νκάδα απηψλ ησλ αζζελψλ ε 

λεπξνρεηξνπξγθή αληηκεηψπηζε ελδερνκέλσο λα απνηειεί κηα απνηειεζκαηηθή ελαιιαθηηθή 

ζεξαπεία. Αμίδεη λα ζεκεησζεί φηη ζηελ ηξέρνπζα πξαθηηθή ηεο ςπρηαηξηθήο ρεηξνπξγηθήο , ε 

αλζεθηηθή ζηε ζεξαπεία ΙΦΓ είλαη ε θαηάζηαζε πνπ αλαθέξεηαη ζπρλφηεξα (Lipsman et al. 

2011). Χζηφζν, παξάγνληεο φπσο ην θνηλσληθφ ζηίγκα αζζελψλ κε ςπρηαηξηθή λφζν, ν 

δηζηαγκφο ςπρηάηξσλ λα παξαπέκςνπλ ηνπο αζζελείο ζε λεπξνρεηξνπξγηθή ζεξαπεία, αιιά θαη 

ε ηζηνξηθή απνηξφπαηα ρξήζε ηεο ςπρνρεηξνπξγηθήο  εκπφδηζαλ ηελ εθηελή εθαξκνγή ηεο 

λεπξνρεηξνπξγηθήο γηα ελδείμεηο αλζεθηηθήο ζηε ζεξαπεία ςπρηαηξηθήο λφζνπ. Η αζθάιεηα θαη 

ε απνηειεζκαηηθφηεηα ησλ παξαδνζηαθψλ αθαηξεηηθψλ δηαδηθαζηψλ, ζπκπεξηιακβαλνκέλεο 

ηεο πξφζζηαο θαςνηνκήο, ηεο πξφζζηαο πξνζαγσγηνηνκήο, ηεο ππνθεξθνθφξαο δεζκηδνηνκήο 

θαη ηεο κεηαηρκηαθήο ινβνηνκήο γηα ζνβαξή, αλζεθηηθή ζηε ζεξαπεία ΙΦΓ ππνζηεξίδνληαη 

κφιηο απφ επηπέδνπ ΙΙ ελδείμεηο θαη παξακέλνπλ ζηελ εξεπλεηηθή θιίκαθα ‗απφδεημεο ηεο 

νξζφηεηαο ηεο αξρήο‘, ελψ γηα ηελ αθηηλνρεηξνπξγηθή gamma knife θαη ηνλ ζηεξενηαθηηθά 

εζηηαζκέλν ππέξερν ππάξρεη πιήξεο έιιεηςε ελδείμεσλ (Nuttin et al. 2014, National 

Collaborating Centre for Mental Health 2006). Δπηπιένλ, ε εθαξκνγή ηεο ελ ησ βάζεη 

εγθεθαιηθήο δηέγεξζεο γηα ηελ αλζεθηηθή ζηε ζεξαπεία ΙΦΓ θαη ε επηθχξσζε ησλ θαηάιιεισλ 

αλαηνκηθψλ ζηφρσλ παξακέλνπλ αθφκε θαηά κεγάιν κέξνο ζε πεηξακαηηθή βαζκίδα 

(Blomstedt et al. 2013, Kohl et al. 2014, Morishita et al. 2014, Figee et al. 2010, de Koning et 

al. 2011, Lapidus et al. 2013, Williams and Okun 2013, Krack et al. 2010). Γηα ηε δεκηνπξγία 

θιηληθήο απφδεημεο επηπέδνπ Ι αλαθνξηθά κε ηηο λεπξνρεηξνπξγηθέο δηαδηθαζίεο γηα ςπρηαηξηθέο 

δηαηαξαρέο, απαηηείηαη ν ζρεδηαζκφο ηπραηνπνηεκέλσλ θαη ηπθιψλ ειεγρφκελσλ δνθηκψλ 

δηαζθαιίδνληαο  παξάιιεια ηελ εζηθή δηαγσγή θαη δίλνληαο πξνηεξαηφηεηα ζηελ αζθαιή 

ζεξαπεπηηθή αληηκεηψπηζε. Αληηζηνίρσο, απαηηνχληαη αλεμάξηεηνη εηδηθνί γηα έλαλ 

νινθιεξσκέλν πξνεγρεηξεηηθφ έιεγρν ρξεζηκνπνηψληαο πξφηππεο βαζκίδεο αμηνιφγεζεο θαη 

ζπκπεξηιακβάλνληαο ηνλ πξνζδηνξηζκφ ηνπ βαζκνχ  αλζεθηηθφηεηαο ζηε ζεξαπεία, αιιά θαη 
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ηελ πξνζεθηηθή εθηίκεζε ηνπ θηλδχλνπ απηνθηνλίαο. Θα πξέπεη επίζεο λα δηαζθαιίδνληαη 

νξζέο πξαθηηθέο ζπλαίλεζεο . Δμίζνπ ζεκαληηθή είλαη ε δηεμαγσγή ηεο λεπξνρεηξνπξγηθήο 

δηαδηθαζίαο απφ έκπεηξε πνιπεπηζηεκνληθή νκάδα απνηεινχκελε απφ θαηάιιεια 

εθπαηδεπκέλνπο λεπξνρεηξνπξγνχο, ςπρηάηξνπο, λεπξνιφγνπο θαη λεπξνθπζηνιφγνπο. Σέινο, ζα 

πξέπεη νπσζδήπνηε λα δηαζθαιίδεηαη έλαο νινθιεξσκέλνο κεηεγρεηξεηηθφο έιεγρνο  (Nuttin et 

al. 2014).   

 

Απφ ην 1999, ε ελ ησ βάζεη εγθεθαιηθή δηέγεξζε έρεη αμηνινγεζεί κε βάζε έλα ζχλνιν πεξίπνπ 

100 αζζελψλ σο κία πιενλεθηηθφηεξε ζεξαπεπηηθή δπλαηφηεηα ζπγθξηηηθά κε αθαηξεηηθέο 

δηαδηθαζίεο γηα ζνβαξή, αλζεθηηθή ζηε ζεξαπεία ΙΦΓ, ιφγσ ηεο αλαζηξεςηκφηεηαο θαη ηεο 

πξνζαξκνζηηθφηεηάο ηεο (Sakas et al. 2007 (b)). Δμαηηίαο πεξηνξηζκέλεο γλψζεο ηεο 

παζνθπζηνινγίαο ηεο δηαηαξαρήο, ε επηινγή ηνπ ζηφρνπ έρεη θαηά θχξην ιφγν βαζηζηεί ζηελ 

εκπεηξία  απφ παξαδνζηαθέο δηαδηθαζίεο ζηεξενηαθηηθήο ηξψζεο ή ζε παξαηεξήζεηο θαηά ηε 

δηάξθεηα ηεο επέκβαζεο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο γηα θηλεηηθέο δηαηαξαρέο 

(Blomstedt et al. 2013, Benabid and Torres 2012). ΢ηελ πξψηε δεκνζηεπκέλε αλαθνξά 

ακθίπιεπξεο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο γηα αλζεθηηθή ζηε ζεξαπεία ΙΦΓ, ν 

επηιεγκέλνο ζηφρνο βξηζθφηαλ ζηελ έζσ θάςα, αθξηβψο ξπγρνεηδψο ηεο πξφζζηαο ζπκθχζεσο 

επεθηεηλφκελνο ζηελ πξνζθείκελε θνηιηαθή θάςα θαη ην θνηιηαθφ ξαβδσηφ ζψκα (Nuttin et al. 

1999). Ο επηιεγκέλνο ζηφρνο ήηαλ ηαπηφζεκνο ηεο ζηνρεπκέλεο πεξηνρήο πνπ ρξεζηκνπνηείηαη 

ζηελ θαςνηνκή. ΢χκθσλα κε ηελ αλαθνξά απηή, παξαηεξήζεθαλ άκεζεο επλντθέο επηδξάζεηο 

ζηελ θαηάζηαζε ‗stimulation-on‘ ζε 3 απφ ηνπο 4 αζζελείο. Αθνινχζσο, ε καθξνπνξφζεζκε 

απνηειεζκαηηθφηεηα ηεο δηέγεξζεο ηεο πξφζζηαο θάςαο θαη ηνπ θνηιηαθνχ ξαβδσηνχ ζψκαηνο 

επηθπξψζεθε απφ κία πεξαηηέξσ ζεηξά κειεηψλ κηθξήο θιίκαθαο (Nuttin et al. 2003, Gabriels et 

al. 2003, Abelson et al. 2005, Greenberg et al. 2006, Goodman et al. 2010). ΢ε κία 

ζπγθεληξσηηθή εθηίκεζε ηνπ θιηληθνχ απνηειέζκαηνο απηψλ ησλ κειεηψλ νη Greenberg et al. 

(2010 (b)) αλέθεξαλ  φηη θαηά ηε δηάξθεηα ηεο ηειεπηαίαο παξαθνινχζεζεο θαηαγξάθεθε 

πιήξεο απνθξηζηκφηεηα (72% >35% κείσζε ζηελ θιίκαθα YBOC-S) ζηελ ελ ησ βάζεη 

εγθεθαιηθή δηέγεξζε θνηιηαθήο θάςαο/ θνηιηαθνχ ξαβδσηνχ ζψκαηνο, αμηνζεκείσηε 

ππνρψξεζε ησλ ζπκπησκάησλ ηεο θαηάζιηςεο, ηνπ άγρνπο θαη βειηίσζε ηεο ζπλνιηθήο 

ιεηηνπξγηθφηεηαο ζηα πεξίπνπ 2/3 (17/26) ησλ αζζελψλ, εμαηηίαο ηεο ζηαδηαθήο 

βειηηζηνπνίεζεο ηνπ ζεκείνπ εκθχηεπζεο. ΢πγθεθξηκέλα, ν βέιηηζηνο ζηφρνο βξηζθφηαλ ζηε 

ζπκβνιή ηεο πξφζζηαο θάςαο, ηεο πξφζζηαο ζπκθχζεσο θαη ηνπ λσηηαίνπ θνηιηαθνχ ξαβδσηνχ 

ζψκαηνο. Καηαγξάθεθαλ επίζεο δπζκελή ζπκπηψκαηα ζπκπεξηιακβαλνκέλσλ δχν   

ελδνθξαληαθψλ αηκνξξαγηψλ, κίαο θξίζε επηιεςίαο, κίαο  κφιπλζεο, δχν επηπινθψλ εμαηηίαο 

ηερληθνχ εμνπιηζκνχ, αιιά θαη αλαζηξέςηκα ζπκπηψκαηα πξνθαινχκελα απφ ηε δηέγεξζε, 

φπσο ε ππνκαλία. Χζηφζν, δηαλνεηηθή θαηάπησζε δελ πξνθαιείηαη απφ ηελ ελ ησ βάζεη 

εγθεθαιηθή δηέγεξζε ηεο θνηιηαθήο θάςαο/θνηιηαθνχ ξαβδσηνχ ζψκαηνο (Kubu et al. 2013). 
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Σν 2003, ε επηινγή ηεο θειπθσηήο πεξηνρήο ηνπ δεμηνχ επηθιηλή ππξήλα σο ζηφρνπ γηα ηελ ελ 

ησ βάζεη εγθεθαιηθή δηέγεξζε αλαθέξζεθε φηη πξνθαιεί ζεκαληηθή βειηίσζε ηεο 

ζπκπησκαηνινγίαο  ηεο ΙΦΓ (Sturm et al. 2003). Η ζπγθεθξηκέλε απηή επηινγή ζηφρνπ 

βαζίζηεθε ζε θιηληθέο παξαηεξήζεηο γηα ηνλ πηζαλφ ξφιν ηνπ θνηιηαθνχ-νπξαίνπ κέξνπο ηεο 

έζσ θάςαο πξνζθείκελεο ζηνλ επηθιελή ππξήλα  ζην θιηληθφ απνηέιεζκα ηεο πξφζζηαο 

θαςνηνκήο, αιιά θαη ζε παζνθπζηνινγηθέο ελδείμεηο γηα ην ξφιν ηνπ επηθιελή ππξήλα σο κίαο 

θεληξηθή δνκήο αλάκεζα ζην ακπγδαινεηδέο ζχκπιεγκα θαη ηνλ ππεξκεζνιφβην έιηθα (de 

Koning et al. 2012). ΢ε κεηέπεηηα δνθηκέο, ε εθαξκνγή ηεο κνλφπιεπξεο ελ ησ βάζεη 

εγθεθαιηθήο δηέγεξζεο ηνπ δεμηνχ επηθιελή ππξήλα γηα ηελ αλζεθηηθή ζηε ζεξαπεία ΙΦΓ, 

ζπκπεξηιακβαλνκέλεο κίαο πεξίπησζεο ΙΦΓ κε ζπλλνζεξφηεηα ζρηδνθξέλεηαο, θαηέιεμε ζε 

κέηξηα καθξνπξφζεζκα επλντθά απνηειέζκαηα (Huff et al. 2010, Plewnia et al. 2008), ελψ ε 

ακθίπιεπξε ελ ησ βάζεη εγθεθαιηθή δηέγεξζε ηνπ επηθιελή ππξήλα ζπζρεηίζηεθε κε έλαλ 

ζεκαληηθά κεγαιχηεξν βαζκφ καθξνπξφζεζκεο απνθξηζηκφηεηαο παξέρνληαο ελδείμεηο 

επηπέδνπ ΙΙ γηα ηε ρξήζε απηήο ηεο δηαδηθαζίαο ζηελ θιηληθή πξάμε (Denys et al. 2010, Hamani 

et al. 2014, Franzini et al. 2010, Mantione et al. 2014). Αμίδεη λα ζεκεησζεί πσο ζε φιεο ηηο 

πξναλαθεξφκελεο θιηληθέο δνθηκέο, απαηηήζεθαλ πςειέο πιάηε ηάζεο δηέγεξζεο (κέρξη 10.5V) 

γηα ηελ επίηεπμε ζεκαληηθνχ θιηληθνχ απνηειέζκαηνο. 

 

Αλαθνξηθά κε έλαλ δηαθξηηφ ζηφρν θαη ζχκθσλα κε κία πξφζθαηε ζπζηεκαηηθή αλαζθφπεζε 

ησλ Hamani et al. (2014), ππάξρνπλ ελδείμεηο επηπέδνπ I γηα ηε ρξήζε ηεο ακθίπιεπξεο ελ ησ 

βάζεη έγθεθαιηθήο δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα ζηελ αλζεθηηθή ζηε ζεξαπεία ΙΦΓ. 

Απηέο νη ελδείμεηο βαζίδνληαη ζηελ έξεπλα ηεο εξεπλεηηθήο νκάδαο ‗French Stimulation dans le 

Trouble Obsessionnel Compulsif (STOC)‘ (Mallet et al. 2008), ε νπνία πξφηεηλε ηε 

ζεξαπεπηηθή απηή επηινγή κεηά ηελ παξαηήξεζε φηη ε δηέγεξζε πςειήο ζπρλφηεηαο ηνπ 

ππνζαιακηθνχ ππξήλα κεηξίαζε ηδενςπραλαγθαζηηθά ζπκπηψκαηα ζε 2 αζζελείο κε ΝΠ θαη 

ηζηνξηθφ ζνβαξήο ΙΦΓ (Mallet et al. 2002, Haynes and Mallet 2012). Πεξαηηέξσ ψζεζε γηα ηε 

ζπγθεθξηκέλε επηινγή δφζεθε απφ πνιιαπιέο ελδείμεηο γηα ηελ εκπινθή ηνπ ππνζαιακηθνχ 

ππξήλα, σο βαζηθνχ θφκβνπ ηνπ έκκεζνπ κνλνπαηηνχ, ζηελ παζνθπζηνινγία ηεο ΙΦΓ θαη 

άιισλ ζπκπεξηθνξηθψλ δηαηαξαρψλ (Mallet et al. 2007, Winter et al. 2007, Winter et al. 

2008(a), Haynes and Mallet 2012), φπσο επίζεο θαη απφ ηελ απνδεδεηγκέλε 

απνηειεζκαηηθφηεηα ηεο δηέγεξζεο πςειήο ζπρλφηεηαο ηνπ ππνζαιακηθνχ ππξήλα ζην κνληέιν 

ΙΦΓ αξνπξαίνπ θαη ζειαζηηθνχ (Winter et al. 2008(b), Winter 2012, Klavir et al. 2009, Kupsch 

et al. 2004, Winter et al. 2007, Baup et al. 2008). ΢χκθσλα κε ην απνηέιεζκα ηεο κειέηεο ηεο 

γαιιηθήο STOC εξεπλεηηθήο νκάδαο, νη ελεξγέο επαθέο ζην κεηεγρεηξεηηθφ MRI  ήηαλ 

ηνπνζεηεκέλεο ζην κεζνπξφζζην (ζπλεηξκηθφ-κεηαηρκηαθφ) κέξνο ηνπ ππνζαιακηθνχ ππξήλα, 

2mm πξφζζηα θαη 1mm κεζαία ηνπ ζηφρνπ πνπ ρξεζηκνπνηείηαη θαηά ηε δηάξθεηα ηεο ελ ησ 

βάζεη εγθεθαιηθήο δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα γηα ΝΠ. Έπεηηα απφ 3 κήλεο ελεξγήο 
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δηέγεξζεο παξαηεξήζεθε ζεκαληηθή (p=0.01) κείσζε θαηά 31% ζηελ θιίκαθα YBOC-S. Οη 

Chabardès et al (2013) απνηίκεζαλ ηελ επηινγή ηνπ ίδηνπ ζηφρνπ ζε 4 αζζελείο κε ζνβαξή ΙΦΓ. 

΢ε 3 απφ ηνπο 4 αζζελείο, αλαθέξζεθε κείσζε 71-78% ζηελ θιίκαθα YBOC-S κεηά απφ 6 

κήλεο δηέγεξζεο, ελψ ζηελ 4ε πεξίπησζε επηηεχρζεθε κηθξφηεξε θιηληθή βειηίσζε (~34% 

κείσζε ζηελ θιίκαθα YBOC-S), αθφκε θαη έπεηηα απφ ηελ πξνζαξκνγή ησλ παξακέηξσλ 

δηέγεξζεο, ε νπνία απνδίδεηαη ζηε ιεηηνπξγηθψο εζθαικέλε ηνπνζέηεζε ησλ ειεθηξνδίσλ. Οη 

ζπγγξαθείο επηζήκαλαλ φρη κφλν ηα θιηληθά απνηειέζκαηα ηεο ελ ησ βάζεη εγθεθαιηθήο 

δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα γηα ηελ αλζεθηηθή ζηε ζεξαπεία ΙΦΓ, αιιά θαη ηα 

πιενλεθηήκαηα πνπ ζπλδένληαη κε κία επξέσο γλσζηή πεξηνρή - ζηφρν, φπσο επίζεο ηηο 

ρακειφηεξεο ελεξγεηαθέο απαηηήζεηο ζε ζχγθξηζε κε ηε ρξήζε ησλ πξναλαθεξφκελσλ 

ελαιιαθηηθψλ ζηφρσλ.  

 

Όπσο έρεη αλαθεξζεί, εθηφο απφ ηελ θαηάιιειε επηινγή ησλ αζζελψλ θαη ηε βέιηηζηε 

κεηεγρεηξεηηθή δηαρείξηζε, ε πνηφηεηα ηνπ θιηληθνχ απνηειέζκαηνο  ηεο επέκβαζεο ηεο ελ ησ 

βάζεη εγθεθαιηθήο δηέγεξζεο ζπζρεηίδεηαη ζηελά κε ηνλ θαζνξηζκφ ηνπ θαηάιιεινπ 

αλαηνκηθνχ ζηφρνπ θαη ηελ αθξηβή ηνπνζέηεζε ηνπ ειεθηξνδίνπ δηέγεξζεο ζηελ πεξηνρή απηή 

(Lozano et al. 2010 (a), Volkmann et al. 2006). ΢ε απηφ ην πιαίζην, κεηά ηελ εθαξκνγή ηνπ 

ζηεξενηαθηηθνχ πιαηζίνπ, νη πξνεγρεηξεηηθέο κέζνδνη άκεζεο ζηφρεπζεο, δει. ε ππνινγηζηηθή 

ηνκνγξαθία, ε 1.5Σ-απεηθφληζε καγλεηηθνχ ζπληνληζκνχ  θαη ε θνηιηνγξαθία έρεη απνδεηρζεί 

φηη είλαη ζηεξενηαθηηθά αθξηβείο ζηελ θιίκαθα ησλ ρηιηνζηψλ (Rezai et al. 2006). Αλ θαη 

θάπνηεο ρεηξνπξγηθέο νκάδεο επηιέγνπλ απνθιεηζηηθά απηέο ηηο απεηθνληζηηθέο κεζφδνπο, ζηελ 

πιεηνςεθία ησλ θιηληθψλ θέληξσλ έρεη πηνζεηεζεί  ε επηπξφζζεηε ρξήζε ησλ 

κηθξνειεθηξνδηαθψλ θαηαγξαθψλ σο κία έκκεζε κέζνδνο ζηφρεπζεο γηα ηε βειηηζηνπνίεζε 

ηεο αθξηβνχο ηνπνζέηεζεο ηνπ ειεθηξνδίνπ (Abosch et al. 2013, Weaver et al. 2009). Η 

επηινγή ηεο κεζφδνπ απηήο απνξξέεη απφ ζπγθεθξηκέλα κεηνλεθηήκαηα πνπ ζπλδένληαη κε ηελ 

άκεζε ζηφρεπζε, ζπκπεξηιακβαλνκέλεο ηεο εγθεθαιηθήο κεηαηφπηζεο: ε ζέζε ηνπ ζηφρνπ 

φπσο θαζνξίδεηαη θαηά ηε δηάξθεηα ηεο απεηθφληζεο καγλεηηθνχ ζπληνληζκνχ, φηαλ ν αζζελήο 

βξίζθεηαη ζε χπηηα ζέζε, δελ είλαη ε ίδηα κε ηε ζέζε ηνπ ζηφρνπ πνπ θαζνξίδεηαη δηεγρεηξεηηθά, 

φηαλ ην θεθάιη ηνπ αζζελή βξίζθεηαη ζε κία πην φξζηα ζέζε (Abosch et al. 2010). Χζηφζν, δελ 

έρνπλ αθφκε δηεμαρζεί αλακελφκελεο ηπραηνπνηεκέλεο  κειέηεο πνπ λα ζπγθξίλνπλ ηελ 

καθξνπξφζεζκε απνηειεζκαηηθφηεηα ησλ κηθξνειεθηξνδηαθψλ θαηαγξαθψλ έλαληη ησλ 

απεηθνληζηηθψλ κεζφδσλ πνπ πξναλαθέξζεθαλ (Rezai et al. 2006, Senatus et al. 2006, Mc-

Clelland III 2011, Gross and McDougal M E 2013). ΢ε θάζε πεξίπησζε, ε ηειηθή ηνπνζέηεζε 

ηνπ ειεθηξνδίνπ θαζνξίδεηαη κε βάζε ηελ απφθξηζε ηνπ αζζελή ζηελ δηεγρεηξεηηθή 

καθξνδηέγεξζε (Lozano 2012, Bour et al. 2010). 

 

Οη δηεγρεηξεηηθέο κηθξνειεθηξνδηαθέο θαηαγξαθέο ζσξνχληαη έλα ζρεηηθά αζθαιέο θαη 

εχξσζην εξγαιείν γηα ηε κείσζε ηνπ θηλδχλνπ ελφο κε βέιηηζηνπ πξνζδηνξηζκνχ ηνπ ππξήλα-
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ζηφρνπ  (Rezai et al. 2006, Reck et al. 2012, Lanotte et al. 2002, Chen et al. 2006, Schlaier et al. 

2013). Αθνχ αλνηρηνχλ νπέο πξφζζηα ηεο ζηεθαληαίαο πεξίπαξζεο, πξνσζνχληαη 1 έσο 5 

κηθξνειεθηξφδηα παξάιιεια πξνο ηνλ ζηφρν ρξεζηκνπνηψληαο έλαλ κηθξν-νδεγφ. Καηά ηε 

δηάξθεηα απηήο ηεο δηαδηθαζίαο, κπνξεί λα νπηηθνπνηεζεί  ε θπζηνινγηθή ηαπηφηεηα θάζε 

δηαπεξλφκελεο ππξεληθήο δνκήο, ππνζηεξίδνληαο κε ηνλ ηξφπν απηφ ηελ θιηληθή απφθαζε 

αλαθνξηθά κε ηε βέιηηζηε ηξνρηά θαηαγξαθήο, δει. ηελ ηξνρηά πνπ δηαπεξλά ηνλ ππξήλα θαηά 

ην κεγαιχηεξν κήθνο (Lozano et al. 2010 (a), Marceglia et al. 2010). Αλαθνξηθά κε ηνλ 

ππνζαιακηθφ ππξήλα, έλα απμαλφκελν επίπεδν ζνξχβνπ ππνβάζξνπ, έλαο πςειφο ξπζκφο 

εθθνξηίζεσλ θαη έλα πξφηππν κε νκαιήο δξαζηεξηφηεηαο ή δξαζηεξηφηεηαο μεζπαζκάησλ 

απνηεινχλ δηαρσξηζηηθά ραξαθηεξηζηηθά ηεο ζηνρεπκέλεο απηήο δνκήο ζπγθξηηηθά κε 

γεηηνληθέο εγθεθαιηθέο δνκέο (Bour et al 2010). Μεηά ηνλ πξνζδηνξηζκφ ησλ ιεηηνπξγηθψλ 

νξίσλ ηνπ ππνζαιακηθνχ ππξήλα, κπνξεί λα θαζνξηζηεί ην ζπλνιηθφ ηνπ κήθνο  γηα θάζε 

ηξνρηά θαηαγξαθήο. Μία απνδεθηή ηξνρηά ζα πξέπεη λα δηαπεξλά >= 3 mm ηνπ ππξήλα 

(Marceglia et al 2010).  Η επέκβαζε ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο βαζηδφκελε ζε πιαίζην 

θαη ηηο κηθξνειεθηξνδηαθέο θαηαγξαθέο έρεη παξφκνην απνηέιεζκα ζπγθξηηηθά κε ηε 

ζηεξενηαμία ρσξίο πιαίζην (Tai et al. 2010, Holloway et al. 2005, Bronte-Stewart et al. 2010, 

Rezai et al. 2006). Χζηφζν επί ηνπ παξφληνο, δελ ππάξρνπλ πεηζηηθέο απνδείμεηο γηα κία ζεηηθή 

ζπζρέηηζε κεηαμχ ηνπ αξηζκνχ ησλ ειεθηξνδίσλ θαηαγξαθήο πνπ ρξεζηκνπνηνχληαη θαη ηνπ 

βαζκνχ  βειηίσζεο ησλ θηλεηηθψλ ζπκπησκάησλ ή ηνπ θηλδχλνπ ελδνθξαληαθήο αηκνξξαγίαο  

(Temel et al. 2007, Gross et al. 2006, Chang et al. 2011, Zibetti et al. 2014). Δπηπιένλ, δελ 

έρνπλ εμαρζεί αθφκε ζηέξεα ζπκπεξάζκαηα ζρεηηθά κε ηηο επηδξάζεηο ηεο αλαηζζεζίαο ζηε 

κηθξνειεθηξνδηαθή ραξηνγξάθεζε (Lettieri et al. 2012, Maltete et al 2004, Rezai et al. 2006).  

 

Δλ ησ  κεηαμχ, νη ηερληθέο άκεζεο νπηηθνπνίεζεο γηα πξνεγρεηξεηηθή ή δηεγρεηξεηηθή ρξήζε 

βειηηψλνληαη ζπλερψο κε απψηεξν ζηφρν ηε βειηίσζε ηεο αθξίβεηαο ηνπ πξνζδηνξηζκνχ ηνπ 

αλαηνκηθνχ ζηφρνπ ή αθφκε ηνλ απνθιεηζκφ ελφο ελδερφκελνπ θηλδχλνπ αηκνξξαγίαο 

ζρεηηδφκελνπ κε ηε δηαδηθαζία ησλ κηθξνειεθηξνδηαθψλ θαηαγξαθψλ (Zrinzo et al 2012). ΢ε 

απηφ ην πιαίζην, ε αθξίβεηα πνπ επηηπγράλεηαη ρξεζηκνπνηψληαο απεηθφληζε κνξηαθήο 

επηδεθηηθφηεηαο ζηα 3  (3.0T-απεηθφληζε καγλεηηθνχ ζπληνληζκνχ) ή 7 Tesla (7.0T-απεηθφληζε 

καγλεηηθνχ ζπληνληζκνχ), επεκβαηηθή απεηθφληζε καγλεηηθνχ ζπληνληζκνχ πςεινχ πεδίνπ, 

δηεγρεηξεηηθή ππνινγηζηηθή ηνκνγξαθία, απεηθφληζε βξαρίνλα Ο θαη ηξαθηνγξαθία 

απεηθφληζεο ηαληζηή δηάρπζεο  θαίλεηαη λα είλαη ηνπιάρηζηνλ ζπγθξίζηκε κε ηελ αθξίβεηα πνπ 

έρεη αλαθεξζεί ρξεζηκνπνηψληαο ζπκβαηηθέο κεζφδνπο ζηεξενηαθηηθήο λεπξνρεηξνπξγηθήο 

βαζηδφκελεο ζε κηθξνειεθηξνδηαθέο θαηαγξαθέο (Patil et al. 2012, Abosch et al. 2010, Cho et 

al. 2010, Toda et al. 2009, Liu et al. 2013, Larson et al. 2012, Starr et al. 2010, Ostrem et al. 

2013, Burchiel et al. 2013, Fiegele et al. 2008, Coenen et al. 2011, Holloway and Docef 2013, 

Henderson 2012, D‘Albis et al. 2014, Sudhyadom et al. 2009). Χζηφζν γηα ηνπο αλαηνκηθνχο 
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ζηφρνπο πνπ αλακέλεηαη λα πξνθχςνπλ ζε λέεο εθαξκνγέο ηεο ζηεξενηαθηηθήο 

λεπξνρεηξνπξγηθήο, ε απνθιεηζηηθή ρξήζε ηερληθψλ άκεζεο νπηηθνπνίεζεο ελδερνκέλσο λα 

είλαη ιηγφηεξν θαηάιιειε απφ ηελ ειεθηξνθπζηνινγηθά νδεγνχκελε λεπξνρεηξνπξγηθή (Starr et 

al. 2010). 

 

Θα πξέπεη λα ηνληζηεί φηη, αλεμάξηεηα απφ ηελ ηερληθή ζηφρεπζεο πνπ ρξεζηκνπνηείηαη, ε 

δηεγρεηξεηηθή θιηληθή δνθηκή ηεο καθξνδηέγεξζεο απνηειεί έλα ηζρπξφ πξναπαηηνχκελν γηα ηε 

βέιηηζηε ηειηθή ηνπνζέηεζε ηνπ ειεθηξνδίνπ, δηαζθαιίδνληαο ηελ επίηεπμε βέιηηζησλ 

ζεξαπεπηηθψλ επηδξάζεσλ θαη ηελ εκθάληζε ειάρηζησλ παξελεξγεηψλ ηεο δηέγεξζεο ζε κία 

ζπγθεθξηκέλε ζέζε (Rezai et al. 2006, Abosch et al. 2010, Starr et al. 2010, Pollak et al. 2002, 

Kinfe and Vesper 2013). Η καθξνδηέγεξζε εθαξκφδεηαη ζπλήζσο κέζσ ηεο απφιεμεο ρακειήο 

αληίζηαζεο ηνπ κηθξνειεθηξνδίνπ (Sakas et al. 2007 (a)), ηνπ καθξνειεθηξνδίνπ (Coenen et al. 

2011), ή ηνπ ειεθηξνδίνπ ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο (Chen C C et al. 2006) ζε 

πνιιαπιέο ζέζεηο, πξνθεηκέλνπ λα πξνζδηνξηζηεί ν βέιηηζηνο ιφγνο κεηαμχ ηνπ θαησθιίνπ ηεο 

έληαζεο γηα ηελ εκθάληζε παξελεξγεηψλ θαη ηνπ θαησθιίνπ ηεο έληαζεο γηα θιηληθή 

απνηειεζκαηηθφηεηα, δει. ην βέιηηζην ζεξαπεπηηθφ παξάζπξν (Marceglia et al. 2010). 

Καη‘απηφλ ηνλ ηξφπν ε δηεγρεηξεηηθή καθξνδηέγεξζε παξέρεη έλα πεξαηηέξσ λεπξνθπζηνινγηθφ 

‗θηιηξάξηζκα‘ ηνπ ζηφρνπ γηα ηελ ηειηθή ηνπνζέηεζε ηνπ ειεθηξνδίνπ. Η δηαηζζεηηθή 

αηηηνινγία πίζσ απφ απηή ηελ πξνζέγγηζε έγθεηηαη ζην γεγνλφο φηη νη επηδξάζεηο 

πξνθαινχκελεο απφ ηε δηεγρεηξηεηθή καθξνδηέγεξζε είλαη παξφκνηεο κε ηηο κεηεγρεηξεηηθέο 

επηδξάζεηο πξνθαινχκελεο απφ ην κφληκν ειεθηξφδην δηέγεξζεο. Γηα ηνλ ιφγν απηφ, νη 

παξάκεηξνη δηέγεξζεο πνπ ρξεζηκνπνηνχληαη δηεγρεηξεηηθά πξνζνκνηψλνπλ ηηο αληίζηνηρεο 

παξακέηξνπο πνπ εθαξκφδνληαη κεηεγρεηξεηηθά, δει. ζπλήζσο πεξηιακβάλνπλ ζπρλφηεηα 

130Hz,  εχξνο παικνχ 60κs θαη πιάηε ηάζεο κέρξη 5V (Pollak et al. 2002). Η δηεγρεηξεηηθή 

θιηληθή δνθηκή δηεμάγεηαη επί ηνπ παξφληνο απφ λεπξνρεηξνπξγνχο, λεπξνιφγνπο θαη θιηληθνχο 

λεπξνθπζηνιφγνπο (Rezai et al. 2006). Έλαο αμηφπηζηνο πξνζδηνξηζκφο ησλ θιηληθψλ νθειψλ 

θαηά ηε δηάξθεηα ηεο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα ζπλήζσο 

βαζίδεηαη ζηελ εθηίκεζε ηνπ βαζκνχ βειηίσζεο ηεο δπζθακςίαο, ηεο ηκεκαηηθήο αθηλεζίαο ή 

ηεο εκθάληζεο δπζθηλεζηψλ πξνθαινχκελσλ απφ ηε δηέγεξζε, νη νπνίεο πξέπεη λα γίλνληαη  

αηζζεηέο ζε ρακειέο ειεθηξηθέο εληάζεηο (Houeto et al. 2003, Pollak et al. 2002, Gross et al. 

2006). Αλαθνξηθά κε ζπγθεθξηκέλεο θηλεηηθέο θαη νθζαικνθηλεηηθέο παξελέξγεηεο ( θηλεηηθέο 

ζπζπάζεηο ζηoλ εηεξφπιεπξo ρεηιηθφ ζχλδεζκν , ην πξφζσπν ή ην ρέξη, θαη κνλνθζαικηθή 

παξέθθιηζε ή κνλφπιεπξε κεηαβνιή ζηε δηάκεηξν ηεο θφξεο), απηέο ζα πξέπεη λα 

πξνθαινχληαη ζε επίπεδα πςειήο έληαζεο (Pollak et al. 2002, Tommasi et al. 2008). Καηά ηε 

δηάξθεηα ηεο επέκβαζεο έρνπλ παξαηεξεζεί βειηηψζεηο ζε θηλεηηθά ζπκπηψκαηα ηεο ΝΠ ή/θαη 

εκθάληζε δπζθηλεζηψλ κφιηο κεηά ηελ εκθχηεπζε ηνπ ειεθηξνδίνπ ελ ησ βάζεη εγθεθαιηθήο 

δηέγεξζεο ζηνλ ππνζαιακηθφ ππξήλα, θαηλφκελν πνπ απνθαιείηαη ‗επίδξαζε κηθξνηξψζεσο‘ 
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(Chen C C et al. 2006, Yoshida et al. 2010). Αλ θαη απηφ ην θαηλφκελν θαίλεηαη λα είλαη 

πξνγλσζηθήο ζεκαζίαο, δελ έρνπλ εμαρζεί αθφκε νξηζηηθά ζπκπεξάζκαηα (Rezai et al. 2006).  

 

΢ην γεληθφ πιαίζην ησλ κεζφδσλ ζηφρεπζεο πνπ ρξεζηκνπνηνχληαη θαηά ηε δηάξθεηα ηεο 

επέκβαζεο ηεο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο έρεη αλαπηπρζεί κία πνηθηιία αιγνξίζκσλ 

θαη πξνρσξεκέλσλ ζπζηεκάησλ ινγηζκηθνχ γηα ηελ δηεγρεηξεηηθή  ππνζηήξημε ή αθφκε ηελ 

απηνκαηνπνίεζε ηεο θιηληθήο απφθαζεο. ΢πγθεθξηκέλα, βηνδείθηεο θαη πξνζεγγίζεηο 

κνληεινπνίεζεο βαζηδφκελεο ζε ειεθηξνθπζηνινγηθά δεδνκέλα ή πξνζαλαηνιηζκέλεο ζηελ 

αλάπηπμε εμεηδηθεπκέλσλ θαη‘αζζελή  ηξηζδηάζηαησλ κνληέισλ ηεο αλαηνκηθήο πεξηνρήο-

ζηφρνπ δηεπθνιχλνπλ ζεκαληηθά ηνλ πξνζδηνξηζκφ ηεο βέιηηζηεο ηξνρηάο (Wong et al. 2009, 

Cagnan et al. 2011, Falkenberg et al. 2006, Chan et  al. 2010, Novak et al. 2011, Pesenti et al. 

2004, Pinzon-Morales et al. 2011, Holdefer et al. 2010, Danish et al. 2008, Snellings et al. 2009, 

Zaidel et al. 2009, 2010, Chen C C et al. 2006, Taghva et al. 2011, Abosh et al. 2013, Beriault et 

al. 2012). Δπηπιένλ, εμεηδηθεπκέλεο θαη‘αζζελή πξνζεγγίζεηο κνληεινπνίεζεο εθαξκφζηκεο θαη 

ζηε δηαδηθαζία ηεο θιηληθήο καθξνδηέγεξζεο παξέρνπλ ηε δπλαηφηεηα βειηηζηνπνίεζεο θαη 

επηηάρπλζεο ηεο ηειηθήο ηνπνζέηεζεο ηνπ ειεθηξνδίνπ δηέγεξζεο (Miocinovic et al. 2007, 

Butson et al. 2011, D‘Haese et al. 2012, Maedler and Coenen 2012).  

 

Ο ππνζαιακηθφο ππξήλαο (corpus Luysii) είλαη κία ακθίθπξηε δνκή ηνπνζεηεκέλε ζην 

ζχλδεζκν δηεγθεθάινπ-κεζεγθεθάινπ (Luys 1865, Yelnik and Percheron 1979). Σα φξηα ηνπ 

ππνζαιακηθνχ ππξήλα νξίδνληαη απφ ηελ αβέβαηε δψλε, έλα ηκήκα ηεο θαθνεηδνχο δεζκίδαο, 

λεκάηηα ηεο έζσ θάςαο , ην πεδίν H ηνπ Forel, ηνλ νπηζζνπιεπξηθφ ππνζάιακν, ην εγθεθαιηθφ 

ζηέιερνο, ηε δηθηπσηή κνίξα κέιαηλαο νπζίαο θαη ηνλ εξπζξφ ππξήλα (Schaltenbrand and 

Wahren 1977).  Οη δψλεο λεκαηίσλ πνπ πεξλνχλ πιεζίνλ ηνπ νξίνπ ηνπ ππνζαιακηθνχ ππξήλα 

πεξηιακβάλνπλ ηελ ππνζαιακηθή δεζκίδα, ηε θαθνεηδή δεζκίδα, ηε ζαιακηθή δεζκίδα, 

ληνπακηλεξγηθέο κειαλνξαβδσηέο δεζκίδεο, ην κεζαίν ιεκλίζθν θαη ηελ ζπνλδπινζαιακηθή, 

ηξηδπκνζαιακηθή θαη αθηηλνζαιακηθή δψλε (Hamani et al. 2004). Ο φγθνο ηνπ αλζξψπηλνπ 

ππνζαιακηθνχ ππξήλα έρεη αλαθεξζεί φηη θπκαίλεηαη κεηαμχ 175mm3 θαη 240 mm3  θαη φηη 

πεξηιακβάλεη θαηά κέζν φξν 240,000-560,000 λεπξψλεο (Hardman et al. 2002, Levesque and 

Parent 2005). Σν κήθνο, πιάηνο θαη χςνο ηνπ είλαη 9.8 ± 1.6, 11.5 ± 1.6, θαη 3.7 ±0.7 mm, 

αληηζηνίρσο (Patil et al. 2012). Αμίδεη λα αλαθεξζεί φηη ππάξρνπλ ελδείμεηο ζεκαληηθψλ  

δηαηνκηθψλ δηαθπκάλζεσλ ηεο αλαηνκηθήο ζέζεο θαη ησλλ δηαζηάζεσλ ηνπ ππνζαιακηθνχ 

ππξήλα (Daniluk et al. 2010, Reese et al. 2012).  

 

Ο ππνζαιακηθφο ππξήλαο είλαη ν κφλνο ππξήλαο ζην δίθηπν ησλ βαζηθψλ γαγγιίσλ 

απνηεινχκελνο πξσηαξρηθά απφ πξνβάινληεο λεπξψλεο πνπ αζθνχλ κία έληνλε δηεγεξηηθή 

επίδξαζε ζε άιιεο δνκέο ιφγσ ηεο χπαξμεο γινπηακηληθνχ νμέσο. ΢πγθεθξηκέλα, νη λεπξψλεο 
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πξνβάινπλ θαηά θχξην ιφγν ζηελ σρξά ζθαίξα, ην ξαβδσηφ ζψκα, ηε κέιαηλα νπζία, ην 

ζθεινγεθπξηθφ ππξήλα θαη ην ξαρηαίν ππξήλα ξαθήο (Parent and Hazrati 1995, Hamani et al. 

2004, Marani et al. 2008, Nambu et al. 2002, Levesque and Parent 2005). Αμίδεη λα ζεκεησζεί 

πσο ε πξνβνιή ππνζαιακηθνχ ππξήλα-σρξάο ζθαίξαο απνηειεί έλα βαζηθφ ζηνηρείν ηνπ 

έκκεζνπ κνλαπαηηνχ (Parent and Hazrati 1995, Karachi et al. 2005). Η δνκηθή θαη ιεηηνπξγηθή 

ππνδηαίξεζε ησλ βαζηθψλ γαγγιίσλ ζηελ αηζζεηεξηνθηλεηηθή , ζπλεηξκηθή θαη κεηαηρκηαθή 

πεξηνρή αληηθαηνπηξίδεηαη ζηελ χπαξμε ηξηψλ αληηζηνίρσλ ιεηηνπξγηθψλ δσλψλ ζηνλ 

ππνζαιακηθφ ππξήλα, δει. ηελ αηζζεηεξηνθηλεηηθή, ζπλεηξκηθή θαη κεηαηρκηαθή δψλε πνπ 

βξίζθνληαη ζην νπίζζην (ξαρηαηνπιεπξηθφ), κέζν (κεζνθνηιηαθφ) θαη πξφζζην (κεζαίν) κέξνο 

ηνπ ππξήλα, αληίζηνηρα (Alexander and Crutcher 1990, Lambert et al. 2012, Hamani et al. 2004, 

Karachi et al. 2005, Parent and Hazrati 1995, Brunenberg et al. 2012, Tan et al. 2006, 

Sudhyadhom et al. 2007, Stathis et al. 2007). ΢πλεπψο, ν ππνζαιακηθφο ππήλαο εκπιέθεηαη 

ελεξγά φρη κφλν ζηε ξχζκηζε ηεο θίλεζεο, αιιά θαη ηελ λνεηηθή θαη ζπλαηζζεκαηηθή 

επεμεξγαζία (Péron et al. 2013, Le Jeune et al. 2010, Benedetti et al. 2004, Greenhouse et al. 

2011, Drapier et al. 2008, Baláž et al. 2011, Bockova et al. 2011, Buot et al. 2013, Kopell and 

Greenberg 2008, Baunez et al. 2011, Burbaud et al. 1994). Χζηφζν, ελδηαθέξνλ παξνπζηάδεη ην 

γεγνλφο φηη νη ηξεηο απηνί κεραληζκνί ελδερνκέλσο λα κελ ιακβάλνπλ ρψξα θαηά έλαλ 

ηνπνγξαθηθά απζηεξφ δηαρσξηζηηθφ ηξφπν, αιιά λα δξνπλ ζπλεξγηζηηθά ζηνλ κηθξφ φγθν ηνπ 

ππνζαιακηθνχ ππξήλα (Mallet et al. 2007, Hershey et al. 2010, Baláž et al. 2011, Haynes and 

Haber 2013, Lalys et al. 2013). 

 

Ιδηαίηεξε αλαθνξά ζα πξέπεη λα γίλεη ζηελ ηνπνγξαθηθή νξγάλσζε ησλ πξνηχπσλ ηεο 

παζνινγηθήο λεπξσληθήο δξαζηεξηφηεηαο ζηνλ ππνζαιακηθφ ππξήλα αζζελψλ κε ΝΠ. Η 

επεμεξγαζία κνλνθπηηαξηθψλ θαηαγξαθψλ θαη θαηαγξαθψλ δπλακηθψλ ηνπηθνχ πεδίνπ έρεη 

ππνδείμεη ηελ χπαξμε απμεκέλσλ εθθνξηίζεσλ μεζπαζκάησλ,  απμεκέλεο λεπξσληθήο 

δξαζηεξηφηεηαο ζρεηηδφκελεο κε ηελ θίλεζε, βήηα ηαιαλησηηθήο δξαζηεξηφηεηαο θαη 

ηαιαλησηηθήο δξαζηεξηφηεηαο ζρεηηδφκελεο κε ηνλ ηξφκν, αιιά θαη παζνινγηθνχ 

ζπγρξνληζκνχ ζην ξαρηαίν ζπγθξηηηθά κε ην θνηιηαθφ κέξνο ηνπ ππνζαιακηθνχ ππξήλα 

αζζελψλ κε ΝΠ (Kühn et al. 2005, Weinberger et al. 2006, Seifried et al. 2012, Contarino et al. 

2011, Rodriguez-Oroz et al. 2001, Hamani et al. 2004, Guo et al. 2013, Lourens et al. 2013).  ΢ε 

ζπκθσλία κε απηή ηελ ηνπνγξαθηθή νξγάλσζε, αιιά θαη ην πξναλαθεξφκελν πξφηππν 

ιεηηνπξγηθήο ζπλεθηηθφηεηαο ζηνλ ππνζαιακηθφ ππξήλα βξίζθεηαη ην γεγνλφο φηη ηα 

ειεθηξφδηα ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο πνπ βξίζθνληαη ηνπνζεηεκέλα ζην θνηιηαθφ ή 

κέζν κέξνο ηνπ ππνζαιακηθνχ ππξήλα αζζελψλ κε ΝΠ ελδέρεηαη λα βειηηψλνπλ ηα θηλεηηθά 

ζπκπηψκαηα ηεο λφζνπ, αιιά κε ην ηίκεκα ηεο εκθάληζεο ιεθηηθήο, λνεηηθήο ή 

ζπλαηζζεκαηηθήο βιάβεο (Hershey et al. 2010, Astrom et al. 2010, Mikos et al. 2011, Mallet et 

al. 2007, Paek et al. 2008). Αληηζέησο, ην ξαρηαηνπιεπξηθφ φξην ηνπ ππνζαιακηθνχ ππξήλα 
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ραξαθηεξίδεηαη ζηαζεξά σο ε ζηεξενηαθηηθή ζέζε πνπ ζπζρεηίδεηαη κε ηελ κεγαιχηεξε 

βειηίσζε ζηελ θιίκαθα UPDRS-III (Herzog et al. 2004, Guo et al. 2013, Johnsen et al. 2010, 

Godihno et al. 2006, Lanotte et al. 2002, Maks et al. 2009, Zaidel et al. 2010), αλ θαη ππάξρνπλ 

αθφκε θάπνηεο ελδείμεηο φηη ε δηέγεξζε ζηελ πεξηνρή απηή κπνξεί λα επεξεάζεη αξλεηηθά ηελ 

θαηαιεπηφηεηα ηνπ ιφγνπ (Lalys et al. 2013). Δπηπιένλ, ε δηέγεξζε ηνπ πιεπξηθνχ κέξνπο ηνπ 

ππνζαιακηθνχ ππξήλα έρεη ζπζρεηηζηεί κε κία ρακειφηεξε ζεξαπεπηηθή επίδξαζε ζηε 

βξαδπθηλεζία ζπγθξηηηθά κε ηε δπζθακςία  (Cooper et al. 2011), έλα θαηλφκελν πνπ θαηά πάζα 

πηζαλφηεηα πξνθαιείηαη απφ ηελ ελεξγνπνίεζε λεκαηίσλ ηεο ππξακηδηθήο δψλεο ζηελ 

πξνζθείκελε έζσ θάςα (Xu e al. 2011). Η πξνθαινχκελε απφ ηε δηέγεξζε ελεξγνπνίεζε 

λεκαηίσλ ηεο ππξακηδηθήο δψλεο έρεη αλαθεξζεί φηη πξνθαιεί θξαληαθέο θηλεηηθέο ζπζπάζεηο 

πνπ απνηεινχλ κία απφ ηηο πην θνηλέο παξελέξγεηεο πνπ παξαηεξνχληαη θαηά ηε δηάξθεηα ηεο ελ 

ησ βάζεη εγθεθαιηθήο δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα γηα ΝΠ (Σommasi et al. 2008, 

2012).  

 

Η απνζαθήληζε ηνπ κεραληζκνχ πνπ ζπζρεηίδεηαη κε ηελ θιηληθά απνηειεζκαηηθή ελ ησ βάζεη 

εγθεθαιηθή δηέγεξζε είλαη θξίζηκεο ζεκαζίαο γηα ηε βαζχηεξε θαηαλφεζε ηνπ ιεηηνπξγηθνχ 

ππνβάζξνπ απηήο ηεο ηερλνινγίαο θαη ηνλ θαζνξηζκφ ηνπ πιήξνπο ζεξαπεπηηθνχ ηεο 

δπλακηθνχ, πνπ ελδέρεηαη ελ ζπλερεία λα επλνήζνπλ ηελ αλάπηπμε θαη εμέιημε πξσηφηππσλ θαη 

θιηληθά πην απνηειεζκαηηθψλ πξνηχπσλ δηέγεξζεο. Παξαιιαγέο ζηελ πξνζέγγηζε πνπ 

ρξεζηκνπνηείηαη (απεηθφληζε, λεπξνθπζηνινγία, κηθξνδηάιπζε), ζην είδνο (κε ρξήζε ηνπ 

ζπκβαηηθνχ ειεθηξνδίνπ ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο έλαληη ρξήζεο ελφο 

κηθξνειεθηξνδίνπ ή ηνπ βνεζεηηθνχ αγσγνχ σο ελεξγνχ ειεθηξνδίνπ) θαη ηηο παξακέηξνπο ηεο 

δηέγεξζεο ή ηε ιαλζάλνπζα πεξίνδν (κηθξή έλαληη κεγάιεο) ησλ παξαηεξνχκελσλ επηδξάζεσλ 

απνηεινχλ ηνπο θχξηνπο παξάγνληεο αλαθνξάο ζρεηηθά αληηθξνπφκελσλ ππνζεηηθψλ 

κεραληζκψλ δξάζεο ηεο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο (Lozano and Lipsman 2013). Η 

ππφζεζε ηεο ‗ιεηηνπξγηθήο ηξψζεσο‘, δει. ε ππφζεζε φηη ε δηέγεξζε αδξαλνπνηεί ηνπο 

παζνινγηθά ππεξδξαζηήξηνπο λεπξψλεο, πξνέθπςε απφ ηελ παξαηήξεζε κηαο ζπγθξίζηκεο 

επίδξαζεο ηεο δηέγεξζεο κε ηελ επίδξαζε ηεο εθηνκήο ζην ζάιακν, ηνλ ππνζαιακηθφ ππξήλα ή 

ηελ έζσ σρξά ζθαίξα (Benabid et al. 2000, Benazzouz et al. 1995, Beurrier et al. 2001). Η 

αξρηθή απηή ππφζεζε ππνζηεξίρζεθε ελ ζπλερεία απφ πην πξφζθαηεο κειέηεο βαζηδφκελεο 

κεζνδνινγηθά ζηε δηεγρεηξεηηθή θαηαγξαθή ηεο λεπξσληθήο δξαζηεξηφηεηαο θαη ηελ 

ηαπηφρξνλε εθαξκνγή ηεο δηέγεξζεο πςειήο ζπρλφηεηαο (Welter et al. 2004, Meissner et al. 

2005, Filali et al. 2004, Toleikis et al. 2012). ΢ε γεληθέο γξακκέο,  ε αλαζηνιή ηεο 

δξαζηεξηφηεηαο ησλ ζηνρεπκέλσλ λεπξψλσλ ηνπ ππνζαιακηθνχ ππξήλα ή ηεο έζσ σρξάο 

ζθαίξαο κπνξεί λα νθείιεηαη ζε απνπνισηηθφ απνθιεηζκφ (επηδξάζεηο Na, K), ζπλαπηηθή 

αλεπάξθεηα, εμάληιεζε ησλ δηεγεξηηθψλ λεπξνδηαβηβαζηηθψλ νπζηψλ (γινπηακηληθνχ νμένο), 

ππεξπφισζε ησλ λεπξσληθψλ θπηηαξηθψλ ζσκάησλ θαη δελδξηηψλ, απειεπζέξσζε ησλ 
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αλαζηαιηηθψλ λεπξνδηαβηβαζηηθψλ νπζηψλ (γάκκα-ακηλνβνπηπξηθνχ νμέσο,αδελνζίλεο) ή ζε 

ζπλαπηηθή αλαζηνιή ησλ πξνζαγσγψλ πξνβνιψλ (Lozano and Lipsman 2013). Απφ ηελ άιιε 

πιεπξά, πεηξακαηηθέο κειέηεο θαη κειέηεο ππνινγηζηηθήο κνληεινπνίεζεο θαη ιεηηνπξγηθήο 

απεηθφληζεο έρνπλ ππνδείμεη κία πξσηαξρηθά δηεγεξηηθή επίδξαζε ηεο ελ ησ βάζεη εγθεθαιηθήο 

δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα ζηε δξαζηεξηφηεηα ηνπ ζηνρεπκέλνπ ππξήλα (Garcia et 

al. 2005, Hilker et al. 2008, Garraux et al. 2011, Novak et al. 2009, So et al. 2012) ή, ζε 

ζεκαληηθφηεξν βαζκφ, κία δηαρσξηζηηθή δξάζε ηεο δηέγεξζεο ζηε ζσκαηηθή θαη αμνληθή 

δξαζηεξηφηεηα, δει. ζσκαηηθή αλαζηνιή θαη αδξαλνπνίεζε ησλ πξνζαγσγψλ, θαη αμνληθή 

δηέγεξζε θαη δξαζηεξηνπνίεζε ησλ απαγσγψλ  (McIntyre and Grill 2000, 2002, McIntyre et al. 

2004 (a),(b),(c), McIntyre and Hahn 2010, Vitek 2002, Deniau et al. 2010, Johnson et al. 2013, 

Kringelbach et al. 2007, Grill and McIntyre 2001). ΢ε επίπεδν δηθηχσλ λεκαηίσλ έρνπλ πιένλ 

θαηαγξαθεί επξέσο ε αληηδξνκηθή ελεξγνπνίεζε ή νη ζπλαπηηθέο επηδξάζεηο  ζε λεπξσληθέο 

δνκέο ζπλδεδεκέλεο ζηνλ ππνζαιακηθφ ππξήλα, ζπκπεξηιακβαλνκέλεο ηεο ζπκπαγνχο θαη 

δηθηπσηήο κνίξαο ηεο κέιαηλαο νπζίαο, ηεο σρξάο ζθαίξαο, ηνπ εηεξφπιεπξνπ ππνζαιακηθνχ 

ππξήλα, ηνπ ζθεινγεθπξηθνχ ππξήλα, ηνπ εγθεθαιηθνχ θινηνχ, ηνπ ζαιάκνπ θαη ηνπ άλσ 

δηδπκίνπ (Burbaud et al. 1994, Benazzouz et al. 1995,  2000, Windels et al. 2005,  Maurice et al. 

2003, Tai et al. 2003, Degos et al. 2005, Shi et al. 2006, Maltete et al. 2007, Hashimoto et al. 

2003, Dorval et al. 2010,  Hahn et al. 2008, Hahn and McIntyre 2010, Hilker et al. 2008, 2004, 

Reese et al. 2008, 2011, Meissner et al. 2002, Lee et al. 2004, 2006 , Li et al. 2012, Gubellini et 

al.2006, Novak et al. 2009, Florio et al. 2007, Jech et al. 2006, Li et al. 2006,  Pötter-Nerger et 

al. 2008, Eusebio et al. 2009, Kuriakose et al. 2010, Lehmkuhle et al. 2009, Xu et al. 2008, 

Bressand et al. 2002, Garraux et al. 2011, Geday et al. 2009, Guo et al. 2008, Moran et al. 2012, 

Rubin and Terman 2004, Santaniello et al. 2010, Sotiropoulos and Steinmetz 2007, Volonte et 

al. 2012, Walker et al. 2011, Whitmer et al. 2012, Zheng et al. 2011, Lafreniere-Roula et al. 

2012). 

 

Με βάζε ηα παξαπάλσ, ε ζπλδπαζηηθή επίδξαζε ηεο δηέγεξζεο ζε ππνθπηηαξηθφ/λεπξσληθφ 

επίπεδν ή επίπεδν δηθηχσλ λεκαηίσλ (ζπλαπηηθή αλαζηνιή, ζπλαπηηθή θαη αληηδξνκηθή 

δηέγεξζε) ελδερνκέλσο λα απνηειεί ηε βάζε ηεο παξαηεξνχκελεο ηξνπνπνίεζεο ησλ 

παζνθπζηνινγηθψλ πξνηχπσλ ηεο λεπξσληθήο δξαζηεξηφηεηαο ηφζν ζηνλ δηεγεξκέλν ππξήλα, 

φζν θαη ζην θχθισκα βαζηθά γάγγιηα-ζάιακνο-θινηφο (McIntyre and Hahn 2010, Grill et al. 

2004, Montgomery and Gale 2008, Rosenbaum et al. 2014, Carlson et al. 2010, Deniau et al. 

2010). ΢πγθεθξηκέλα, ν κεραληζκφο δξάζεο ηεο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο γηα ΝΠ, 

κπνξεί λα απνδνζεί πξσηαξρηθά ζηελ θαλνληθνπνίεζε ησλ πξνηχπσλ λεπξσληθψλ εθθνξηίζεσλ 

θαη ηε δεκηνπξγία κίαο ‗πιεξνθνξηαθήο ηξψζεσο‘ ζηελ πεξηνρή ηνπ δηεγεξκέλνπ ππξήλα 

(McConnell et al. 2012, Santaniello et al. 2015, Grill et al. 2004), ελψ ππάξρνπλ αθφκε 

ελδείμεηο πνπ δίλνπλ έκθαζε ζηελ αλαζηαιηηθή δξάζε ηεο δηέγεξζεο ζηελ κε νκαιή λεπξσληθή 
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δξαζηεξηφηεηα ηνπ θινηνχ (de Hemptinne 2015). Αμίδεη λα ζεκεησζεί, φηη ρξεζηκνπνηψληαο ηηο 

ζπκβαηηθέο θιηληθέο παξακέηξνπο δηέγεξζεο, νη Carlson et al. (2010) παξαηήξεζαλ φηη έλα 

ππνζχλνιν λεπξψλσλ ηνπ ππνζαιακηθνχ ππξήλα, πνπ εθδήισλε αξρηθά εθθνξηίζεηο 

μεζπαζκάησλ ή ηνληθέο εθθνξηίζεηο, παξνπζίαζε κεηά ηε δηέγεξζε έλα ηπραίν πξφηππν 

εθθνξηίζεσλ. Σν απνηέιεζκα απηφ ζπλδέεηαη ζηελά κε ηηο παξαηεξνχκελεο κεηαβνιέο ζην 

πξφηππν λεπξσληθψλ εθθνξηίζεσλ ηνπ ππνζαιακηθνχ ππξήλα κεηά ηελ ελ ησ βάζεη εγθεθαιηθή 

δηέγεξζε ηνπ εηεξφπιεπξνπ ππξήλα (Walker et al. 2011), ηελ αλαθεξζείζα απνζπγρξνληζηηθή 

δξάζε ηεο ζπκβαηηθήο δηέγεξζεο πςειήο ζπρλφηεηαο (Hauptmann et al. 2007, Rubin et al. 

2012), αιιά θαη κε ηελ ππφδεημε φηη ε ελ ησ βάζεη εγθεθαιηθή δηέγεξζε ηνπ ππνζαιακηθνχ 

ππξήλα ηξνπνπνηεί ηα παζνινγηθά πξφηππα ζπγρξνληζκέλσλ ηαιαληψζεσλ ζηνλ ππνζαιακηθφ 

ππξήλα (Bronte-Stewart et al. 2009, Eusebio et al. 2011, 2012, Meissner et al. 2002, Whitmer et 

al. 2012, Wingeier et al. 2006), επηδξψληαο κε ηνλ ηξφπν απηφ ζην θηλεηηθφ απνηέιεζκα (Kuhn 

et al. 2008). Αθφκε πην ζεκαληηθφ είλαη ην γεγνλφο φηη θιηληθέο κειέηεο θαη κειέηεο 

ππνινγηζηηθήο κνληεινπνίεζεο ππνδεηθλχνπλ φηη ηα ρξνληθά ελαιιαθηηθά πξόηππα δηέγεξζεο 

ελέρνπλ ηε δπλαηφηεηα λα νδεγήζνπλ ηε λεπξσληθή δπλακηθή ησλ βαζηθψλ γαγγιίσλ πίζσ ζηε 

θπζηνινγηθή απνζπγρξνληζκέλε θαηάζηαζε (Feng et al. 2007(a),(b), Adamchic et al. 2014). Δλ 

ησ κεηαμχ, φπσο έρεη αλαθεξζεί, κία ελδερφκελε λνζνηξνπνπνηεηηθή θαη λεπξνπξνζηαηεπηηθή 

δξάζε ηεο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα (Temel et al. 2006 

(b), Harnack et al. 2008, Wallace et al. 2007, Spieles-Engemann et al. 2010, deSouza et al. 

2013, Albanese and Romito 2011, Shon et al. 2010, Van Gompel et al. 2010, Grahn et al. 2014) 

βξίζθεηαη επί ηνπ παξφληνο ππφ έξεπλα απφ κία αλακελφκελε θιηληθή δνθηκή  (Kahn et al. 

2012). 

 

Αλαθνξηθά κε ηνπο κεραληζκνχο πνπ ζπζρεηίδνληαη κε ηηο λεπξνςπρηαηξηθέο παξελέξγεηεο ηεο 

ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα, νη ππνζέζεηο πνηθίινπλ ζε 

κεγάιν βαζκφ. Τπάξρνπλ ζηνηρεία πνπ ππνδεηθλχνπλ ηε κεηαβνιή ηεο επεμεξγαζίαο 

ζπλαηζζεκαηηθήο πιεξνθνξίαο σο έλαλ ππνζάιπηνληα κεραληζκφ ηεο δηέγεξζεο πνπ νδεγεί ζε 

δηαηαξαρέο ζπκπεξηθνξάο. Απηή ε κεηαβνιή κπνξεί λα πνζνηηθνπνηεζεί κέζσ ηνπ 

ζρεηηδφκελνπ κε γεγνλφηα απνζπγρξνληζκνχ ηεο ππνζαιακηθήο άιθα δξαζηεξηφηεηαο (Brücke 

et al. 2007, Huebl et al. 2011). Άιιεο κειέηεο έρνπλ ηνλίζεη ηελ πξνθαινχκελε απφ ηε δηέγεξζε 

απνζηαζεξνπνίεζε ηνπ ζπζηήκαηνο 5-πδξνμπηξππηακίλεο σο παξάγνληα εκθάληζεο 

ςπρηαηξηθψλ παξελεξγεηψλ (Hartung et al. 2011, Tan et al. 2012 (a), (b)). Μία δηαθνξεηηθή 

αιιά εμίζνπ εχινγε άπνςε είλαη φηη ε δηαξξνή ξεχκαηνο πξνο κε θηλεηηθά δίθηπα εληφο θαη 

πεξί ηνπ ππνζαιακηθνχ ππξήλα κπνξεί λα είλαη ππεχζπλε γηα κία ελδερφκελε δηαλνεηηθή θαη 

ζλαηζζεκαηηθή βιάβε κεηά ηελ ακθίπιεπξε ελ ησ βάζεη εγθεθαιηθή δηέγεξζε ηνπ 

ππνζαιακηθνχ ππξήλα (Frankemolle et al. 2010, Alberts et al. 2010, Hershey et al. 2010, Mallet 
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et al. 2007, Daniels et al. 2012). ΢ηελ ίδηα αηηία κπνξεί λα απνδνζεί ε πξνθαινχκελε απφ ηε 

δηέγεξζε επηδείλσζε ηεο θαηαιεπηφηεηαο ηεο νκηιίαο (Mikos et al. 2011).  

 

Όπσο έρεη αλαθεξζεί, ζην πιαίζην ηεο κηθξνειεθηξνδηαθήο ραξηνγξάθεζεο, έρνπλ εξεπλεζεί 

θαη πξνηαζεί εθηελψο απηνκαηνπνηεκέλεο κέζνδνη πνπ παξέρνπλ απμεκέλε αληηθεηκεληθφηεηα 

θαη κεηψλνπλ ηε ζπλνιηθή δηάξθεηα ηεο επέκβαζεο (Falkenberg et al 2006, Danish et al 2008,  

Zaidel et al 2009, Wong et al 2009, Novak et al 2011, Cagnan et al 2011, Pinzon-Morales et al 

2011). ΢πγθεθξηκέλα, έρεη αμηνινγεζεί ε ζπλδπαζηηθή εθαξκνγή πνζνηηθψλ ραξαθηεξηζηηθψλ 

ζρεηηδφκελσλ κε ηα δπλακηθά ηνπηθνχ πεδίνπ θαη/ή ην πςίζπρλν ζήκα (δει. ηελ πςίζπρλε 

δξαζηεξηφηεηα ηνπ ππνβάζξνπ ή ηε δξαζηεξηφηεηα ησλ δπλακηθψλ ελέξγεηαο). Αλ θαη νη 

πξνζεγγίζεηο πνιιαπιψλ ραξαθηεξηζηηθψλ παξέρνπλ απμεκέλε αθξίβεηα θαη αμηνπηζηία γηα ηε 

ζηφρεπζε ηνπ ππνζαιακηθνχ ππξήλα, ε ρξήζε ελφο κνλαδηθνχ εχξσζηνπ βηνδείθηε ζα 

απινπνηνχζε ζεκαληηθά θαη ζα επηηάρπλε ηε δηεγρεηξεηηθή αλίρλεπζε ηνπ ππξήλα. Δπηπιένλ, 

κία ζπκπιεξσκαηηθή πξνζέγγηζε κε βάζε έλαλ κνλαδηθφ βηνδείθηε εθαξκφζηκε ζηε 

δηαδηθαζία ηεο δηεγρεηξεηηθήο δηέγεξζεο ζα νδεγνχζε ζε ζεκαληηθή βειηίσζε νιφθιεξεο ηεο 

ειεθηξνθπζηνινγηθήο δηαδηθαζίαο, βειηηζηνπνηψληαο ηελ θιηληθή απφθαζε θαη κεηψλνληαο ηε 

ζπλνιηθή δηάξθεηα ηεο επέκβαζεο. 

 

Τπάξρνπλ απμαλφκελεο ελδείμεηο ζπζρέηηζεο ηνπ ππνζαιακηθνχ ηαιαλησηηθνχ ζπγρξνληζκνχ 

κε ηελ θιηληθή αλαπεξία ζηε ΝΠ (Kühn et al 2009, Pogosyan et al 2010), θαη, αληηζηξφθσο, 

φπσο πξναλαθέξζεθε, ελδείμεηο ζπζρέηηζεο ηνπ απνζπγρξνληζκνχ ηεο λεπξσληθήο 

δξαζηεξηφηεηαο κε ην κεραληζκφ δξάζεο ηεο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο ηνπ 

ππνζαιακηθνχ ππξήλα (Carlson et al 2010, Walker et al 2011, Hauptmann et al 2007, Modolo 

and Beuter 2009, Wilson et al 2011, Johnson et al 2013). Με βάζε ηηο ελδείμεηο απηέο, o θχξηνο 

ζηφρνο ηνπ 4νπ θεθαιαίνπ ηεο δηαηξηβήο ήηαλ ε αμηνιφγεζε ζπιινγηθψλ δπλακηθψλ ηδηνηήησλ 

θαη ηδηνηήησλ απφθξηζεο ηεο ππνζαιακηθήο ηαιαλησηηθήο δξαζηεξηφηεηαο σο θξίζηκσλ 

ραξαθηεξηζηηθψλ γλσξηζκάησλ γηα ηελ επηινγή ηεο βέιηηζηεο ζέζεο εκθχηεπζεο ηνπ 

ειεθηξνδίνπ δηέγεξζεο ζηε ΝΠ. Δηδηθφηεξα, επηρεηξήζεθε ν πξνζδηνξηζκφο ηεο 

εθαξκνζηκφηεηαο δχν ζπκπιεξσκαηηθψλ πξνζεγγίζεσλ βαζηδφκελσλ ζε κνλαδηθφ βηνδείθηε 

ζην πιαίζην ησλ πξσηαξρηθψλ ηερληθψλ ραξηνγξάθεζεο πνπ ρξεζηκνπνηνχληαη θαηά θφξνλ 

δηεγρεηξεηηθά: ησλ κηθξνειεθηξνδηαθψλ θαηαγξαθψλ θαη ηεο εμέηαζεο ηεο καθξνδηέγεξζεο. Οη 

πξνζεγγίζεηο βαζίζηεθαλ ζε κεζφδνπο ζηνραζηηθήο κε-γξακκηθήο δπλακηθήο. Αλαιπηηθά, κε 

βάζε ηηο κηθξνειεθηξνδηαθέο θαηαγξαθέο αλαθηεκέλεο θαηά ηε δηάξθεηα 10 ρεηξνπξγηθψλ 

επεκβάζεσλ, πξνζδηνξίζηεθε αξρηθά έλαο δείθηεο πνιπκεηαβιεηνχ ζπγρξνληζκνχ θάζεο 

(Carmeli et al 2005, Allefeld et al 2007, Polychronaki 2011) σο έλα ζπλδπαζηηθφ κέηξν ηνπηθνχ 

θαη ρσξηθά εθηεηακέλνπ ηαιαλησηηθνχ ζπγρξνληζκνχ (Moran and Bar-Gad 2010), δηαηεξψληαο 

ηελ επαηζζεζία ζην ζφξπβν κέηξεζεο ζην ειάρηζην (Rossberg et al 2004, Sun et al 2008). Ο 
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πξνηεηλφκελνο δείθηεο εθαξκφζηεθε κε ζηφρν ησλ πξνζδηνξηζκφ ησλ απνδεθηψλ 

κηθξνειεθηξνδηαθψλ ηξνρηψλ, δει. ησλ ηξνρηψλ ζηηο νπνίεο ζα κπνξνχζε ζε δεχηεξε θάζε λα 

εθαξκνζηεί καθξνδηέγεξζε (Marceglia et al 2010). Απηφ ην ραξαθηεξηζηηθφ ρξεζηκνπνηήζεθε 

ζηε ζπλέρεηα σο κία ζπζηαηηθή παξάκεηξνο ελφο ζηνραζηηθνύ θαζηθνύ κνληέινπ ην νπνίν 

πξνζαξκφζηεθε θαηάιιεια ζε πξνεπηιεγκέλεο κηθξνειεθηξνδηαθέο θαηαγξαθέο. Με βάζε ην 

κνληέιν απηφ, πξνζδηνξίζηεθε ν εθζέηεο Lyapunov (Pikovsky et al 2001), σο κία πνζφηεηα 

πνπ αληηθαηνπηξίδεη ηε δπλακηθή ππνζαιακηθνχ ζπγρξνληζκνχ ζε απφθξηζε πεξηνδηθψλ 

παικψλ δηέγεξζεο (130Hz), θαη αμηνινγήζεθε ε πξνβιεπηηθή ηνπ ηθαλφηεηα ζηνλ 

πξνζδηνξηζκφ ησλ ζέζεσλ φπνπ ε δηέγεξζε απέθεξε ην θαιχηεξν θιηληθφ απνηέιεζκα. ΢ηε 

ζεσξία ηεο κε γξακκηθήο δπλακηθήο, ν εθζέηεο Lyapunov ραξαθηεξίδεη ηηο ηδηφηεηεο 

απφθιηζεο/ζχγθιηζεο δχν θνληηλψλ ηξνρηψλ ζην ρψξν ησλ θάζεσλ (Pikovsky et al 2001).  

Θεηηθέο ηηκέο ηνπ εθζέηε Lyapunov ππνδειψλνπλ απνζπγρξνληζκφ. Μέζσ ηνπ ζηνραζηηθνχ 

θαζηθνχ κνληέινπ πξνζνκνηψζεθε ε παξνπζία ηφζν ηνπ ελδνγελνχο φζν θαη ηνπ εμσγελνχο 

ζνξχβνπ. Η απηνκαηνπνηεκέλε κεζνδνινγία αμηνινγήζεθε κε βάζε ηηο θιηληθέο απνθάζεηο πνπ 

ιήθζεθαλ δηεγρεηξεηηθά απφ εηδήκνλεο.  

 

Σα απνηειέζκαηα ηεο αλάιπζεο απηήο ππέδεημαλ ηελ πςειή δηαθξηηηθή ηθαλφηεηα ηνπ δείθηε 

πνιπκεηαβιεηνχ ζπγρξνληζκνχ θάζεο ζην πιαίζην ηεο δηαδηθαζίαο εληνπηζκνχ ηνπ 

ππνζαιακηθνχ ππξήλα, δει. ηνπ πξψηνπ κέξνπο ηεο ειεθηξνθπζηνινγηθήο παξαθνινχζεζεο. Η 

εθαξκνγή ελφο θαηάιιεινπ κηγαδηθνχ θίιηξνπ ζηα ζπλζεηηθά ζηνηρεία ησλ θαηαγξαθφκελσλ 

ζεκάησλ (Rossberg et al 2004) ζε ζπλδπαζκφ κε ηε κέζνδν εθηίκεζεο θάζεο βαζηδφκελεο ζηε 

γεηηνληά (Sun et al 2008) δηαζθάιηζαλ αμηνζεκείσηε ζηαζεξφηεηα ηεο εμέιημεο ηνπ δείθηε 

εληφο ηνπ ππνζαιακηθνχ ππξήλα έλαληη ηεο παξνπζίαο ζνξχβνπ. Γεχηεξνλ, ην πξνηεηλφκελν 

ζηνραζηηθφ κνληέιν αλαπαξήγαγε επηηπρψο ηελ ππνηηζέκελε απνζπγρξνληζηηθή δξάζε ηεο 

πεξηνδηθήο δηέγεξζεο. Σν γεγνλφο απηφ επηθπξψζεθε ηφζν κέζσ ηνπ κέηξνπ ηεο ακεηάβιεηεο 

ππθλόηεηαο, δει. ηεο θαηαλνκήο θάζεο ζηαζεξήο θαηάζηαζεο, φζν θαη ηνπ εθζέηε Lyapunov 

ππνινγηδφκελσλ βάζεη ηνπ ζηνραζηηθνχ θαζηθνχ ράξηε. Τπάξρνπλ δχν πξσηαξρηθνί ιφγνη πνπ 

κπνξεί λα νδήγεζαλ ζε απηφ ην απνηέιεζκα. Πξψηνλ, ε επηινγή κίαο θακπχιεο απφθξηζεο 

θάζεο ηχπνπ ΙΙ σο ζπλάξηεζεο θαζηθήο επαηζζεζίαο ζηνλ θνηλφ (εμσγελή) ζφξπβν (Abouzeid 

and Ermentrout 2009), δηαζθάιηζε ζε κεγάιν βαζκφ ηελ ηθαλφηεηα ηνπ κνληέινπ λα 

πξνζνκνηψλεη ηελ παζνινγηθή θαηάζηαζε λεπξσληθνχ ζπγρξνληζκνχ απνπζία δηέγεξζεο, 

απνδίδνληαο αξλεηηθφ εθζέηε Lyapunov. Αληηζέησο, κία θακπχιε απφθξηζεο θάζεο ηχπνπ I ζα 

ζπζρεηηδφηαλ κε ηε θπζηνινγηθή απνζπγρξνληζκέλε θαηάζηαζε (Farries and Wilson 2012). 

Γεχηεξνλ, ε εθαξκνγή κηαο θακπχιεο απφθξηζεο θάζεο ηχπνπ 0, πνπ ελδερνκέλσο λα είλαη 

βέιηηζηε γηα ζηνραζηηθφ απνζπγρξνληζκφ (Hata et al 2011), ζπλεηζέθεξε ζηελ πξνζνκνίσζε 

ελφο απφ ηνπο ππνζεηηθνχο κεραληζκνχο δξάζεο ηεο δηέγεξζεο πςειήο ζπρλφηεηαο. Δλ ηέιεη, 



 xxvii 
 

βάζεη ησλ πξνηεηλφκελσλ πξνζνκνηψζεσλ, έλαο λεπξνρεηξνπξγφο ελδερνκέλσο λα είλαη ζε 

ζέζε λα θαζνξίζεη ηηο βέιηηζηεο ζέζεηο δηέγεξζεο κε απμεκέλν δείθηε επαηζζεζίαο.  

 

Σν πξνηεηλφκελν θαζηθφ κνληέιν αλαπηχρζεθε ελζσκαηψλνληαο πνιιαπινχο παξάγνληεο πνπ 

επηδξνχλ ζηε λεπξσληθή δπλακηθή: λεπξσληθή δεχμε, πεγέο ελδνγελνχο αλεμάξηεηνπ θαη 

εμσγελνχο θνηλνχ ζνξχβνπ, θαη πεξηνδηθή δηέγεξζε. Μία ζπλέπεηα απηνχ ηνπ γεγνλφηνο είλαη 

φηη ν εμαγφκελνο εθζέηεο Lyapunov ζπζρεηίζηεθε ζπλδπαζηηθά κε ην ζχλνιν ησλ αληίζηνηρσλ 

παξακέηξσλ θαη δελ θαζνξίζηεθε κνλαδηθά απφ ηνλ δείθηε πνιπκεηαβιεηνχ ζπγρξνληζκνχ 

θάζεο πνπ πνζνηηθνπνηεί ηε λεπξσληθή δεχμε. Μεξηθέο πξνεγνχκελεο κειέηεο (Tass et al 2006, 

Nabi et al 2013) έρνπλ πξνηείλεη παξφκνηα κνληέια ζην πιαίζην ηεο απνζπγρξνληζηηθήο 

δηέγεξζεο, ελζσκαηψλνληαο σζηφζν κφλν ηελ επίδξαζε ηνπ ελδνγελνχο ζνξχβνπ θαη 

παξαβιέπνληαο ηηο πεγέο εμσγελνχο ζνξχβνπ (Teramae and Tanaka 2004). Δπηπιένλ, ηα 

κνληέια απηά δε ζπλεθηίκεζαλ ηε θαζηθή εμάξηεζε ηνπ ζνξχβνπ (Ermentrout and Saunders 

2006) θαη θαηά ζπλέπεηα ε επίδξαζε ηνπ ζνξχβνπ δελ ήηαλ απαξαίηεηα πνιιαπιαζηαζηηθή (Ly 

and Ermentrout 2011). Ιδηαίηεξεο ζεκαζίαο είλαη επίζεο ην γεγνλφο φηη, ζηελ παξνχζα 

αλάιπζε, ν θνηλφο ζφξπβνο ζεσξήζεθε έγρξσκνο, δει. σο κία δηαδηθαζία Ornstein-Uhlenbeck 

κε ζπγθεθξηκέλν ρξφλν ζπζρέηηζεο (Galán 2009). Γηα ην ιφγν απηφ, θαηέζηε απαξαίηεηνο έλαο 

κεηαζρεκαηηζκφο ηνπ αξρηθνχ θαζηθνχ κνληέινπ ζε εμίζσζε ιεπθνχ ζνξχβνπ Langevin 

εηζάγνληαο ηνπο ζπληειεζηέο πξαγκαηηθήο νιίζζεζεο θαη δηάρπζεο (Nakao et al 2010). 

 

΢ην 5ν θεθάιαην ηεο δηαηξηβήο επηρεηξείηαη ε αμηνιφγεζε ηεο απνηειεζκαηηθφηεηαο 

ελαιιαθηηθψλ πξνηχπσλ ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα γηα ΝΠ 

θαη αλζεθηηθή ζηε ζεξαπεία ΙΦΓ. Γίλεηαη πιένλ απμαλφκελα απνδεθηφ ην γεγνλφο φηη ε 

εθαξκνγή ρξνληθά ελαιιαθηηθψλ πξνηχπσλ δηέγεξζεο κπνξεί ελδερνκέλσο λα νδεγήζεη ζε 

έλαλ πην απνηειεζκαηηθφ έιεγρν ησλ ζπκπησκάησλ, κεησκέλεο παξελέξγεηεο, θαη ρακειφηεξεο 

ελεξγεηαθέο απαηηήζεηο (Sarem-Aslani and Mullet 2011, Gross et al. 2013, Hess et al. 2013). 

Πξάγκαηη, ππάξρνπλ απμαλφκελεο πεηξακαηηθέο απνδείμεηο πνπ ππνδεηθλχνπλ κία ηζνδχλακε ή 

αθφκε βειηησκέλε θιηληθή απνηειεζκαηηθφηεηα ζπγθεθξηκέλσλ ραξαθηεξηζηηθψλ ρξνληθά κε 

νκαιψλ πξνηχπσλ ζε ζχγθξηζε κε νκαιά πξφηππα δηέγεξζεο. ΢πγθεθξηκέλα, ε ρξνληθά κε-

νκαιή ελ ησ βάζεη εγθεθαιηθή δηέγεξζε ηνπ ζαιάκνπ έρεη αλαθεξζεί φηη πεξηνξίδεη ηνλ ηξφκν 

εμίζνπ απνηειεζκαηηθά  κε ηελ νκαιή δηέγεξζε, ζηελ πεξίπησζε πνπ δελ ππάξρνπλ καθξέο 

παχζεηο (Birdno et al. 2012, Swan et al. 2013). Αληηζέησο, νη Kuncel et al. (2012) έρνπλ 

αλαθέξεη φηη ε ζαιακηθή δηέγεξζε πνπ ραξαθηεξίδεηαη απφ παχζεηο κέγηζηεο δηάξθεηαο 40% 

ηνπ ζπλνιηθνχ ρξφλνπ παξνρήο ελδερνκέλσο λα είλαη εμίζνπ απνηειεζκαηηθή κε ηελ νκαιή 

δηέγεξζε ζηε κείσζε ηνπ ηξφκνπ. Πνιχ ελδηαθέξνλ είλαη επίζεο ην γεγνλφο φηη ε κε νκαιή ελ 

ησ βάζεη εγθεθαιηθή δηέγεξζε πςειήο ζπρλφηεηαο ηνπ ππνζαιακηθνχ ππξήλα, αλ φρη 

εμαηξεηηθά αλψκαιε, απαιχλεη ηε βξαδπθηλεζία ζηε ΝΠ πην απνηειεζκαηηθά απφ ηελ νκαιή 
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δηέγεξζε  (Brocker et al. 2013, Swan et al. 2013). Δπηπιένλ, θιηληθέο κειέηεο πνπ αμηνινγνχλ 

ηελ απνηειεζκαηηθφηεηα ηεο πςίζπρλεο ( 130 Hz) έλαληη ηεο ρακειφζπρλεο ( 80 Hz) ελ ησ 

βάζεη εγθεθαιηθήο δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα γηα ΝΠ ππνδεηθλχνπλ κία κάιινλ 

παξφκνηα ή εμεηδηθεπκέλε θαη‘αζζελή επίδξαζε ηεο ρακειφζπρλεο δηέγεξζεο ζε ζχγθξηζε κε 

ηελ πςίζπρλε δηέγεξζε, φζνλ αθνξά ζηα αμνληθά ζπκπηψκαηα (Sidiropoulos et al. 2013, 

Vallabhajosula et al. 2014, Ricchi et al. 2012), ηηο αθνχζηεο θηλήζεηο (Merola et al. 2013) ή ηε 

γεληθφηεξε θηλεηηθή ιεηηνπξγία (Tsang et al. 2012, Khoo et al. 2014).  

 

Οη θαηάιιεια ζρεδηαζκέλεο θπκαηνκνξθέο ελδερνκέλσο λα είλαη πιενλεθηηθφηεξεο ζε 

ζχγθξηζε κε ηνλ παξαδνζηαθφ ηεηξαγσληθφ παικφ φζνλ αθνξά ηφζν ζηελ θιηληθή 

απνηειεζκαηηθφηεηα φζν θαη ζηελ θαηαλάισζε ελέξγεηαο (Foutz and McIntyre 2010, Hofmann 

et al. 2011, Wongsarnpigoon and Grill 2010). Δπίζεο, ν έλζεηνο πξνγξακκαηηζκφο κε δχν 

δηαθξηηά πιάηε δηέγεξζεο ελδερνκέλσο λα βειηηζηνπνηεί ην θιηληθφ απνηέιεζκα ηεο ελ ησ 

βάζεη εγθεθαιηθήο δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα γηα ΝΠ (Wojtecki et al. 2011). Σέινο, 

ην πξσηφθνιιν ηεο ‗δηέγεξζεο ζπληνληζκέλεο επαλαθνξάο‘ απνηειεί κία ξηδηθή απφθιηζε απφ 

ηα ζπκβαηηθά πξφηππα ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο θαη έρεη ζρεδηαζηεί κε ζηφρν ηελ 

πξφθιεζε ηζρπξνχ λεπξσληθνχ απνζπγρξνληζκνχ θαη καθξνπξφζεζκεο ηξνπνπνίεζεο ηεο 

ζπλαπηηθήο πιαζηηθφηεηαο (Tass 2003, Tass et al. 2006, 2012, Tass and Hauptmann 2007, 

2009, Tass and Majtanik 2006, Hauptmann et al. 2009, Hauptmann and Tass 2007, 2009, 2010, 

Hauptmann et al. 2007, Lucken et al. 2013, Lysyansky et al. 2011 (a), (b), Popovych and Tass 

2012). Η ελδερφκελε απνηειεζκαηηθφηεηα απηνχ ηνπ παξαδείγκαηνο λεπξνηξνπνπνίεζεο, πνπ 

απνζπά απμαλφκελε πξνζνρή ζην πεδίν ηεο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο ηα ηειεπηαία 

ρξφληα (Rubin et al. 2012, DeLong and Wichmann 2012, McIntyre et al. 2014, Lourens et al. 

2015), έρεη ππνδεηρζεί απφ δχν κειέηεο ‗απφδεημεο ηεο νξζφηεηαο ηεο αξρήο‘ (Tass et al. 2012, 

Adamchic et al. 2014). 

 

Γεδνκέλνπ ηνπ γεγνλφηνο φηη ηα ρξνληθά ελαιιαθηηθά πξφηππα δηέγεξζεο ελδερνκέλσο λα 

απνηειέζνπλ ηνλ ππξήλα εθαξκνγψλ ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο θιεηζηνχ βξφρνπ 

(Feng et al. 2007 (b), Wilson and Moehlis 2014), νη νπνίεο έρνπλ απνδεηρζεί απνδνηηθφηεξεο 

ζηε ζεξαπεία ηνπ παξθηλζνληζκνχ (Rosin et al. 2011), πεξαηηέξσ έξεπλεο θαίλεηαη λα είλαη 

απαξαίηεηεο γηα ηνλ θαζνξηζκφ ησλ ηδηαίηεξσλ ραξαθηεξηζηηθψλ πνπ θαζηζηνχλ απηά ηα 

πξφηππα απνηειεζκαηηθά ζηελ αληηκεηψπηζε θηλεηηθψλ θαη λεπξνςπρηαηξηθψλ δηαηαξαρψλ.  

Υηίδνληαο πάλσ ζηελ ππφζεζε φηη ηα ζπκβαηηθά θαη ρξνληθά ελαιιαθηηθά πξφηππα δηέγεξζεο 

αζθνχλ ηελ ηνπηθνχ επηπέδνπ επίδξαζή ηνπο κέζσ ηνπ απνζπγρξνληζκνχ ηεο ππνζαιακηθήο 

λεπξσληθήο δξαζηεξηφηεηαο , ζηε κειέηε ηνπ 5νπ θεθαιαίνπ, ρξεζηκνπνηνχληαη κέζνδνη 

ζηνραζηηθήο κε γξακκηθήο δπλακηθήο (Gardiner 1985, Kuramoto 1984, Winfree 2001, 

Pikovsky et al. 2001) θαη δχν ζχλνια δεδνκέλσλ κηθξνειεθηξνδηαθψλ θαηαγξαθψλ γηα ην 
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ζπγθξηηηθφ πξνζδηνξηζκφ ηεο απνζπγρξνληζηηθήο επίδξαζεο ηεο ζπκβαηηθήο (νκαιήο ζηα 

130Hz)  έλαληη έληεθα ρξνληθά ελαιιαθηηθψλ πξνηχπσλ ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο 

ηνπ ππνζαιακηθνχ ππξήλα γηα ΝΠ θαη ΙΦΓ, θαη γηα ηνλ πεξαηηέξσ θαζνξηζκφ ησλ 

ζπγθεθξηκέλσλ ραξαθηεξηζηηθψλ ησλ πξνηχπσλ πνπ ζπζρεηίδνληαη κε κία ζεκαληηθά 

ηζρπξφηεξε απνζπγρξνληζηηθή επίδξαζε. ΢πγθεθξηκέλα, κε βάζε ην ζηνραζηηθφ θαζηθφ 

κνληέιν πνπ αλαπηχρζεθε ζην 4ν θεθάιαην, ην νπνίν πεξηγξάθεη έλα ζχλνιν νιηθά 

ζπδεπγκέλσλ ρανηηθψλ ηαιαλησηψλ νδεγνχκελσλ απφ θνηλφ, αλεμάξηεην ζφξπβν θαη 

εμσηεξηθή επίδξαζε, εθηηκάηαη γηα έλα ζχλνιν 2x96 κηθξνειεθηξνδηαθψλ θαηαγξαθψλ (θάζε 

ππνζχλνιν δεδνκέλσλ αλαθηήζεθε θαηά ηε δηάξθεηα ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο γηα 

ΝΠ θαη ΙΦΓ, αληηζηνίρσο) ε ακεηάβιεηε ππθλφηεηα (θαζηθή θαηαλνκή ζηαζεξήο θαηάζηαζεο) 

(Hata et al. 2010, Yamanobe 2011), σο κία πνζφηεηα πνπ ζηελ παξνχζα κειέηε 

αληηθαηνπηξίδεη ηελ απνζπγρξνληζηηθή δξάζε ησλ εθαξκνδφκελσλ πξνηχπσλ δηέγεξζεο ζηελ 

ππνζαιακηθή λεπξσληθή δξαζηεξηφηεηα. Δπηθπξψλεηαη ε επξσζηία ηνπ κέηξνπ απηνχ ζηε 

δηάθξηζε ζελαξίσλ απνζπγρξνληζκνχ κέζσ ζπγθξίζεσλ κε κία ελαιιαθηηθή κεηαβιεηή, ηνλ 

εθζέηε Lyapunov, θαη παξέρνληαη ελδείμεηο γηα ηελ ελδερφκελε ζπζρέηηζή ηνπ κε ηελ θιληθά 

απνηειεζκαηηθή δηέγεξζε. ΢ην ίδην πιαίζην, εηζάγνληαη ζπγθεθξηκέλεο ηξνπνπνηήζεηο 

αλαθνξηθά κε ηε ζπιινγηθή δπλακηθή, ηηο παξακέηξνπο θαη ηηο ζπλαξηήζεηο ηνπ κνληέινπ, νη 

νπνίεο απμάλνπλ ζεκαληηθά ηελ επαηζζεζία ηνπ. Γηα ηελ εγθπξφηεηα ηεο πξνζέγγηζεο, 

παξέρνληαη ζεκαληηθά έκκεζα απνδεηθηηθά ζηνηρεία.   

 

Σα πξφηππα δηέγεξζεο ζρεδηάδνληαη κε ζηφρν ην ζπγθξηηηθφ πξνζδηνξηζκφ ηεο 

απνζπγρξνληζηηθήο δξάζεο ηεο δηέγεξζεο κε κεηαβαιιφκελα ρξνληθά ραξαθηεξηζηηθά 

ζπκπεξηιακβαλνκέλσλ ηεο ζπρλφηεηαο δηέγεξζεο  θαη ηεο ρξνληθήο νκαιφηεηαο. Αληηζηνίρσο, 

ηα ρξνληθά ελαιιαθηηθά πξφηππα δηέγεξζεο πεξηιακβάλνπλ είηε πςίζπρλεο (130Hz) κε νκαιέο 

είηε ρακειφζπρλεο (80Hz), νκαιέο ή κε νκαιέο, ρξνλνζεηξέο. ΢ην ίδην πιαίζην, επηρεηξείηαη ν 

θαζνξηζκφο ησλ ζπγθεθξηκέλσλ ραξαθηεξηζηηθψλ ησλ πξνηχπσλ κε νκαιήο δηέγεξζεο 

ζρεηηδφκελσλ κε κία ζεκαληηθά ηζρπξφηεξε απνζπγρξνληζηηθή επίδξαζε: ε αλσκαιία απηή 

θαζ‘απηή, νη καθξέο παχζεηο ή ηα μεζπάζκαηα. Αληηζηνίρσο, ηα κε νκαιά πξφηππα παξάγνληαη 

είηε απφ κία δηαδηθαζία γάκκα κε απμαλφκελνπο βαζκνχο ρξνληθήο κεηαβιεηφηεηαο (Dorval et 

al. 2010) είηε απνηεινχληαη απφ παικνχο ζηαζεξνχ ξπζκνχ δηαθεθνκκέλνπο απφ καθξέο 

πάπζεηο (Kuncel et al. 2012) ή απφ μεζπάζκαηα παικψλ (Birdno et al. 2012, Brocker et al. 

2013). Η απνζπγρξνληζηηθή δξάζε ησλ εμεηαδφκελσλ πξνηχπσλ δηέγεξζεο πξνζδηνξίδεηαη 

πεξαηηέξσ ζε ζέζεηο ηαιαλησηηθήο δξαζηεξηφηεηαο ζηε ξαρηαηνπιεπξηθή αηζζεηεξηνθηλεηηθή 

πεξηνρή έλαληη ζέζεσλ κε ηαιαλησηηθήο δξαζηεξηφηεηαο ζηε κεζνθνηιηαθή κεηαηρκηαθή 

πεξηνρή ηνπ ππνζαιακηθνχ ππξήλα αζζελψλ κε ΝΠ.   
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Σα ζπγθεληξσηηθά απνηειέζκαηα ηεο πξναλαθεξζείζαο αλάιπζεο παξέρνπλ ζεκαληηθέο 

πιεξνθνξίεο ζρεηηθά κε ηελ αλάπηπμε ζεξαπεπηηθά θαη ελεξγεηαθά απνδνηηθψλ ζπζηεκάησλ ελ 

ησ βάζεη εγθεθαιηθήο δηέγεξζεο θιεηζηνχ βξφρνπ. ΢πγθεθξηκέλα, δίλεηαη έκθαζε ζηελ 

αλψηεξε απνηειεζκαηηθφηεηα ησλ πςίζπρλσλ (130Hz) θαη ρακειφζπρλσλ (80Hz) κε νκαιψλ 

πξνηχπσλ δηέγεξζεο, θαη ηεο ρακειφζπρλεο πεξηνδηθήο δηέγεξζεο δηαθεθνκκέλεο απφ 

μεζπάζκαηα παικψλ, ζπγθξηηηθά κε ηελ ζπκβαηηθή δηέγεξζε (νκαιή, 130Hz) θαη κε 

ζπγθεθξηκέλα ελαιιαθηηθά πξφηππα, ζπκπεξηιακβαλνκέλεο ηεο πςίζπρλεο θαη ρακειφζπρλεο 

δηέγεξζεο δηαθεθνκκέλεο απφ καθξέο παχζεηο, ηεο ρακειφζπρλεο πεξηνδηθήο δηέγεξζεο θαη ηεο 

πςίζπρλεο δηέγεξζεο δηαθεθνκκέλεο απφ μεζπάζκαηα παικψλ. Ιδηαίηεξα ζεκαληηθφ είλαη ην 

γεγνλφο φηη απηφ ην ζπγθεθξηκέλν απνηέιεζκα ήηαλ αλεμάξηεην ηεο ππνθείκελεο δηαηαξαρήο 

(ΝΠ/ΙΦΓ), ελψ ε αλψηεξε απνηειεζκαηηθφηεηα ησλ αλψκαισλ πξνηχπσλ δηέγεξζεο ήηαλ 

επηπιένλ αλεμάξηεηε ηεο ππνθείκελεο λεπξσληθήο δξαζηεξηφηεηαο. ΢ε ζπλέπεηα κε ηα 

απνηειέζκαηα απηά, νη Birdno et al. (2012) θαη Brocker et al. (2013) ππέδεημαλ φηη νχηε ηα 

μεζπάζκαηα νχηε ε κε νκαιφηεηα απηή θαζεαπηή ζρεηίδνληαη κε κεησκέλε θιηληθή 

απνηειεζκαηηθφηεηα ηεο πςίζπρλεο ζαιακηθήο θαη ππνζαιακηθήο ελ ησ βάζεη εγθεθαιηθήο 

δηέγεξζεο γηα ηδηνπαζή ηξφκν θαη πξνρσξεκέλν ζηάδην ηεο ΝΠ, αληηζηνίρσο. Δπηπξφζζεηα, ζε 

κία ζχληνκε θνηλνπνίεζε, νη  Baker et al. (2011) ππνγξάκκηζαλ ηελ απνηειεζκαηηθφηεηα ηεο 

ρακειφζπρλεο (80Hz) σρξνζθαηξηθήο δηέγεξζεο κεηαδηδφκελεο θαη‘αθνινπζία ελφο νκαινχ 

πξνηχπνπ κε μεζπάζκαηα ζηνλ πεξηνξηζκφ ηεο βξαδπθηλεζίαο ζην κε αλζξψπηλν ζειαζηηθφ 

κνληέιν ηεο ΝΠ. Η αλάιπζε ηνπ 5νπ θεθαιαίνπ ηεο δηαηξηβήο ζπκπιεξψλεη ηηο 

πξναλαθεξφκελεο κειέηεο επεθηείλνληαο ηελ εγθπξφηεηά ηνπο ζηελ πεξίπησζε ηεο 

ρακειφζπρλεο ππνζαιακηθήο ελ ησ βάζεη εγθεθαιηθή δηέγεξζε γηα πξνρσξεκέλν ζηάδην ηεο 

ΝΠ θαη παξέρνληαο ελδείμεηο γηα ηελ απνηειεζκαηηθφηεηα ελαιιαθηηθψλ πξνηχπσλ 

ππνζαιακηθήο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο γηα αλζεθηηθή ζηε ζεξαπεία ΙΦΓ. Ιδηαίηεξα 

ελδηαθέξνλ είλαη ην γεγνλφο φηη ε απνζπγρξνληζηηθή δξάζε ησλ εμεηαδφκελσλ πξνηχπσλ 

δηέγεξζεο ζηε ΝΠ απνδείρζεθε βέιηηζηε ζηελ ξαρηαηνπιεπξηθή ηαιαλησηηθή πεξηνρή ηνπ 

ππνζαιακηθνχ ππξήλα θαη φηη ελδερνκέλσο ην πξσηαξρηθφ  κέηξν έθβαζεο δηεμαγφκελν απφ ην 

πξνηεηλφκελν κνληέιν, δει. ην κέηξν ηεο ακεηάβιεηεο ππθλφηεηαο, λα ζπζρεηίδεηαη κε ηελ 

θιηληθή απνηειεζκαηηθφηεηα ηεο δηέγεξζεο.  

 

΢ε αληίζεζε κε ηνπο Brocker et al. (2013) θαη Kuncel et al. (2012), νη Birdno et al. (2012) 

αλέθεξαλ φηη ε πςίζπρλε, ραξαθηεξηδφκελε απφ παχζεηο δηέγεξζε είλαη ζεκαληηθά ιηγφηεξν 

απνηειεζκαηηθή απφ ηελ νκαιή δηέγεξζε γηα ηνλ πεξηνξηζκφ ηνπ ηξφκνπ. Η ππφδεημε απηή 

επηθπξψλεηαη θαη επεθηείλεηαη κέζσ ηεο αλάιπζεο ηνπ 5νπ θεθαιαίνπ, ζχκθσλα κε ηελ νπνία 

ηφζν ε πςίζπρλε φζν θαη ε ρακειφζπρλε  δηαθεθνκκέλε απφ καθξέο παχζεηο δηέγεξζε 

ζπζρεηίζηεθαλ κε κία αζζελέζηεξε απνζπγρξνληζηηθή επίδξαζε ζε ζχγθξηζε κε ηε ζπκβαηηθή 

δηέγεξζε ζηε ΝΠ. Χζηφζν, ζηελ πεξίπησζε ηεο ΙΦΓ δελ πξνέθπςε παξφκνην ζπκπέξαζκα. 
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΢πγθεθξηκέλα, ε ραξαθηεξηδφκελε απφ παχζεηο δηέγεξζε απνδείρζεθε λα αζθεί κία ζεκαληηθά 

ηζρπξφηεξε επίδξαζε ζηε λεπξσληθή δξαζηεξηφηεηα ζπγθξηηηθά κε ηε ζπκβαηηθή ελ ησ βάζεη 

εγθεθαιηθή δηέγεξζε γηα ΙΦΓ, ηδηαίηεξα αλ κεηαδίδεηαη ζε ρακειή ζπρλφηεηα. Πνιχ 

ελδηαθέξνλ είλαη ην γεγνλφο φηη πξφζθαηα νη Gazit et al. (2015) ππέδεημαλ φηη ε ρακειφζπρλε, 

ραξαθηεξηδφκελε απφ παχζεηο δηέγεξζε ελδερνκέλσο λα απαιχλεη ηα ζπκπηψκαηα πην 

απνηειεζκαηηθά απφ ηελ νκαιή δηέγεξζε ζε έλα δσηθφ κνληέιν λεπξνςπρηαηξηθήο δηαηαξαρήο. 

Ίζσο αθφκε πην ζεκαληηθφ είλαη ην γεγνλφο φηη φια ηα ελαιιαθηηθά πξφηππα δηέγεξζεο πνπ 

ζεσξήζεθαλ ζηελ κειέηε καο απνδείρζεθαλ λα ζπζρεηίδνληαη κε κία ηζρπξφηεξε 

απνζπγρξνληζηηθή επίδξαζε ζπγθξηηηθά κε ηε ζπκβαηηθή ελ ησ βάζεη εγθεθαιηθή δηέγεξζε γηα 

ΙΦΓ. Δπηπιένλ, ε ζπκβαηηθή ελ ησ βάζεη εγθεθαιηθή δηέγεξζε ζπζρεηίζηεθε κε κία ζεκαληηθά 

ηζρπξφηεξε απνζπγρξνληζηηθή επίδξαζε ζηε ΝΠ ζε ζχγθξηζε κε ηελ ΙΦΓ. Αληηζηξφθσο, ε 

ρακειφζπρλε πεξηνδηθή δηέγεξζε απνδείρζεθε πην απνηειεζκαηηθή ζηελ ΙΦΓ ζπγθξηηηθά κε ηε 

ΝΠ. Απηή ε εμαξηψκελε απφ ηε δηαηαξαρή επίδξαζε ζπγθεθξηκέλσλ ραξαθηεξηζηηθψλ 

πξνηχπσλ δηέγεξζεο, πνπ απνθαιχθζεθε απφ ην ππνινγηζηηθφ κνληέιν, ελδερνκέλσο λα 

πεγάδεη απφ έλα αλφκνην πξνθίι λεπξσληθήο δξαζηεξηφηεηαο ζηηο δχν ππφ εμέηαζε 

παζνινγηθέο θαηαζηάζεηο, δει. ηελ χπαξμε ζεκαληηθά ρακειφηεξσλ ξπζκψλ εθθφξηηζεο θαη 

ηαιαληψζεηο ρακειφηεξεο ζπρλφηεηαο ζηελ αλζεθηηθή ζηε ζεξαπεία ΙΦΓ ζπγθξηηηθά κε ηελ 

πξνρσξεκέλν ζηάδην ηεο ΝΠ (Piallat et al. 2011, Welter et al. 2011). 

 

Δθηφο απφ ηα πξναλαθεξφκελα γεληθά ζπκπεξάζκαηα, ζα πξέπεη λα ηνληζηεί ην γεγνλφο φηη, κε 

εμαίξεζε ηα αλψκαια πξφηππα, ε ζρεηηθή απνζπγρξνληζηηθή επίδξαζε ησλ εμεηαδφκελσλ 

ελαιιαθηηθψλ πξνηχπσλ δηέγεξζεο, κε ζεκείν αλαθνξάο ηε ζπκβαηηθή ελ ησ βάζεη εγθεθαιηθή 

δηέγεξζε, εμαξηήζεθε ζηνηρεησδψο απφ ηελ θαηαγξαθφκελε λεπξσληθή δξαζηεξηφηεηα. Σν 

απνηέιεζκα απηφ ππνδεηθλχεη φηη θαηά ην ζρεδηαζκφ νπνηνπδήπνηε ζχζηεκαηνο ελ ησ βάζεη 

εγθεθαιηθήο δηέγεξζεο θιεηζηνχ βξφρνπ, ζα πξέπεη λα εμεηάδεηαη πξνζεθηηθά θάζε 

πιεξνθνξία γηα ηελ ππνθείκελε λεπξσληθή δπλακηθή, πεξηθιεηφκελε ζε θαηαγξαθέο 

πξαγκαηηθνχ ρξφλνπ, πξνηνχ θαζνξηζηνχλ ηα βέιηηζηα ραξαθηεξηζηηθά ησλ πξνηχπσλ 

δηέγεξζεο.  

 

Η πξνζέγγηζε ηνπ 5νπ θεθαιαίνπ ππνγξακκίδεη ηελ αλψηεξε απνηειεζκαηηθφηεηα ηεο 

ρακειφζπρλεο πεξηνδηθήο δηέγεξζεο ζπγθξηηηθά κε ηελ απνηειεζκαηηθφηεηα ηεο ζπκβαηηθήο 

δηέγεξζεο ηφζν ζηε ΝΠ φζν θαη ηελ ΙΦΓ, αλ θαη – φπσο έρεη ήδε πξναλαθεξζεί – πην έληνλα 

ζηε δεχηεξε πεξίπησζε. Η θιηληθή εθαξκνγή ηεο ρακειφζπρλεο πεξηνδηθήο δηέγεξζεο αληί ηνπ 

πςίζπρλνπ νκνιφγνπ ηεο έρεη απνηειέζεη ζέκα αληηπαξάζεζεο ζην πεδίν ηεο ελ ησ βάζεη 

εγθεθαιηθήο δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα θαηά ηε δηάξθεηα ησλ ηειεπηαίσλ εηψλ 

(Sidiropoulos and Moro 2014). Αλ θαη κεξηθά θιηληθά ζηνηρεία θαίλεηαη λα ζπγθιίλνπλ πξνο 

παξφκνηα επίδξαζε ησλ δχν ηξφπσλ δηέγεξζεο ζε αμνληθά (Sidiropoulos et al. 2013, 



 xxxii 
 

Vallabhajosula et al. 2015) ή πεξηθεξηθά ζπκπηψκαηα (Tsang et al. 2012), άιιεο κειέηεο 

ππνδεηθλχνπλ φηη κία κεγαιχηεξε βειηίσζε αμνληθψλ ζπκπησκάησλ ή αθνχζησλ θηλήζεσλ, 

κεηά ηελ κεηαβνιή ηεο ζπρλφηεηαο δηέγεξζεο απφ 130 ζε 80Hz, ελδερνκέλσο λα είλαη πηζαλή, 

αιιά λα εμαξηάηαη επίζεο ζε κεγάιν βαζκφ απφ ηνλ αζζελή (Ricchi et al. 2012, Merola et al. 

2013). Η παξνπζηαδφκελε πξνζέγγηζε κνληεινπνίεζεο εληζρχεη πεξηζζφηεξν ηε δεχηεξε 

ππφδεημε, αθνχ, απφ ηε κία πιεπξά δίλεη έκθαζε ζηελ απνηειεζκαηηθφηεηα ηεο ρακειφζπρλεο 

δηέγεξζεο, θαη απφ ηελ άιιε πιεπξά ππνδεηθλχεη φηη ε επίδξαζε ησλ ελαιιαθηηθψλ πξνηχπσλ 

δηέγεξζεο εμαξηάηαη απφ ηελ λεπξσληθή δξαζηεξηφηεηα θαη ζπλεπψο θαη απφ ηνλ αζζελή. 

Αθφκε πην ζεκαληηθφ είλαη ην γεγνλφο φηη ε παξνπζηαδφκελε πξνζέγγηζε παξέρεη πξσηφηππεο 

ελδείμεηο γηα κία αμηνζεκείσηε απνηειεζκαηηθφηεηα ηεο ρακειφζπρλεο ελ ησ βάζεη 

εγθεθαιηθήο δηέγεξζεο γηα ηελ αλζεθηηθή ζηε ζεξαπεία ΙΦΓ. 

 

Σν  6ν θεθάιαην ηεο δηαηξηβήο πξαγκαηεχεηαη ηνλ αιγνξηζκηθφ ζρεδηαζκφ ελφο ζπζηήκαηνο ελ 

ησ βάζεη εγθεθαιηθήο δηέγεξζεο θιεηζηνχ βξφρνπ γηα πξνρσξεκέλν ζηάδην ηεο ΝΠ θαη 

αλζεθηηθή ζηε ζεξαπεία ηδενςπραλαγθαζηηθή δηαηαξαρή,  δηαζθαιίδνληαο παξάιιεια 

βέιηηζηεο επηδφζεηο σο πξνο ηελ απνδνηηθόηεηα θαη επηιεθηηθόηεηα ηεο δηέγεξζεο, θαη σο πξνο 

ηελ ππνινγηζηηθή ηαρύηεηα.  

 

Οη δηαδηθαζίεο πνπ αθνξνχλ ζηνλ θαζνξηζκφ ηεο βέιηηζηεο επαθήο ηνπ ειεθηξνδίνπ γηα 

κνλνπνιηθή (κε αλαθνξά ηνλ παικνδφηε) ή δηπνιηθή δηέγεξζε, φπσο επίζεο ζηνλ θαζνξηζκφ 

ησλ παξακέηξσλ δηέγεξζεο πνπ ζπλδένληαη κε ην βέιηηζην ζεξαπεπηηθφ παξάζπξν  

ζπλεπάγνληαη έλαλ κεγάιν αξηζκφ δνθηκψλ-ζθαικάησλ ζε έλα καθξχ ρξνληθφ δηάζηεκα 

εβδνκάδσλ-κελψλ (Hunka et al. 2005,  Kuncel et al. 2004). Δπηπιένλ, ε δηαδηθαζία απηή δελ 

νδεγεί πάληα ζην βέιηηζην ζπκβηβαζκφ κεηαμχ κέγηζηνπ ζεξαπεπηηθνχ νθέινπο θαη ειάρηζησλ 

παξελεξγεηψλ πξνθαινχκελσλ απφ ηε δηέγεξζε (Kuncel and Grill 2004), ελψ δε ζπκβαδίδεη κε 

ην γεγνλφο φηη ηα ζπκπηψκαηα ησλ θηλεηηθψλ θαη λεπξνςπρηαηξηθψλ δηαηαξαρψλ παξνπζηάδνπλ 

δηαθπκάλζεηο ζε ζεκαληηθά κηθξφηεξεο ρξνληθέο θιίκαθεο δεπηεξνιέπησλ-εκεξψλ. 

Μαθξνπξφζεζκα ην κνλνκνξθηθφ πξφηππν θαη ε αλνηρηνχ βξφρνπ θχζε ηεο ζπκβαηηθήο 

πςίζπρλεο δηέγεξζεο θαίλεηαη λα επλνεί θαηλφκελα αλεθηηθφηεηαο, ελψ ζπζρεηίδεηαη 

παξάιιεια κε κέγηζηνπο ξπζκνχο θαηαλάισζεο ηζρχνο (Carron et al. 2013). Δλάληηα ζε απηφ 

ην πιαίζην, ε ‗θιεηζηνχ βξφρνπ‘, ‗ειεγρφκελε κε αλάδξαζε‘ ή ‗πξνζαξκνδφκελε‘ δηέγεξζε 

απνηειεί θαηαιιειφηεξε ελαιιαθηηθή θαη έλα απφ ηα πην θαηλνηφκα ζελάξηα ζην πεδίν ηεο ελ 

ησ βάζεη εγθεθαιηθήο δηέγεξζεο (Leondopoulos and Micheli-Tzanakou 2010, Hariz et al. 

2013).  

 

΢ε έλα βέιηηζην ζελάξην ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο θιεηζηνχ βξφρνπ, ε παξνρή 

βέιηηζησλ πξνηχπσλ δηέγεξζεο πξνζαξκφδεηαη ζηε δπλακηθή ησλ ζπκπησκάησλ θηλεηηθψλ θαη 



 xxxiii 
 

λεπξνςπρηαηξηθψλ δηαηαξαρψλ κέζσ ηεο αμηνπνίεζεο ζπγθεθξηκέλσλ βηνδεηθηψλ πνπ 

απνηππψλνπλ ηελ θιηληθή θαηάζηαζε ηνπ αζζελή ζε πξαγκαηηθφ ρξφλν (Rise and King 1998). 

Σν  γεγνλφο απηφ ζα δηαζθάιηδε κε ηε ζεηξά ηνπ ειάρηζηε θαηαλάισζε ελέξγεηαο θαη ζα κείσλε 

ην θπζηθφ κέγεζνο ηεο κπαηαξίαο (Grill 2015), ηε ζπρλφηεηα ησλ επεκβάζεσλ αληηθαηάζηαζεο 

ηνπ παικνδφηε, ην ζπλαθφινπζν θίλδπλν κφιπλζεο ιφγσ ηερληθνχ εμνπιηζκνχ (Boviatsis et al. 

2010, Pepper et al. 2013), ή ην ξπζκφ ησλ δηαδηθαζηψλ επαλαθφξησζεο ηνπ παικνδφηε. Θα 

ζπζρεηηδφηαλ επίζεο κε ηε ζεκαληηθή εμνηθνλφκεζε θιηληθψλ πφξσλ (Gross and McDougal 

2013, McIntosh et al. 2003). Καη‘αξρήλ, νπνηνζδήπνηε αιγφξηζκνο ζρεδηαζκέλνο γηα έλα 

κέγηζηα απνδνηηθφ ζχζηεκα ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο θιεηζηνχ βξφρνπ ζα πξέπεη λα 

ηθαλνπνηεί δχν νπζηαζηηθέο πξνδηαγξαθέο (Afshar et al. 2013): ηνλ αμηφπηζην πξνζδηνξηζκφ 

βέιηηζησλ βηνδεηθηψλ γηα ηνλ έιεγρν αλάδξαζεο θαη ηνλ θαζνξηζκφ ελαιιαθηηθψλ πξνηχπσλ 

δηέγεξζεο ηα νπνία λα είλαη ζεξαπεπηηθά θαη ελεξγεηαθά πην απνδνηηθά ζε ζχγθξηζε κε ην 

ηππνπνηεκέλν πξφηππν δηέγεξζεο (Little and Brown 2012, Feng et al. 2007(a)).  

Έλαο απφ ηνπο πξνηεηλφκελνπο βηνδείθηεο γηα ηελ ελ ησ βάζεη εγθεθαιηθή δηέγεξζε θιεηζηνχ 

βξφρνπ γηα ΝΠ, θαηαγξαθφκελνο απεπζείαο  απφ ην ειεθηξφδην δηέγεξζεο, ν νπνίνο 

ρξεζηκνπνηείηαη επίζεο σο ππνθαηάζηαην ηνπ λεπξσληθνχ ζπγρξνληζκνχ, είλαη ε ππνζαιακηθή 

βήηα δξαζηεξηφηεηα ησλ δπλακηθψλ ηνπηθνχ πεδίνπ (Brittain et al. 2014), βάζεη ηζρπξψλ 

ελδείμεσλ φηη ε πξνθαινχκελε απφ ηε δηέγεξζε θαηαζηνιή ηεο παζνινγηθήο βήηα 

ηαιαλησηηθήο δξαζηεξηφηεηαο ζπζρεηίδεηαη κε βειηηψζεηο ηεο βξαδπθηλεζίαο θαη ηεο 

δπζθακςίαο (Kuhn et al. 2008, Eusebio et al. 2010, Priori et al. 2013). Δπηπιένλ, ε αλάιπζε 

ησλ ππνζαιακηθψλ δπλακηθψλ ηνπηθνχ πεδίνπ κπνξεί λα επεθηαζεί ζηε ρξφληα θαηάζηαζε 

(Rosa et al. 2010). Η ειεγρφκελε κέζσ αλάδξαζεο δηέγεξζε πνπ βαζίδεηαη ζηε βήηα ηζρχ ησλ 

δπλακηθψλ ηνπηθνχ πεδίνπ έρεη απνδεηρζεί φηη είλαη θιηληθά πην απνηειεζκαηηθή απφ φηη ηφζν ε 

ζπκβαηηθή φζν θαη ε ηπραηνπνηεκέλε δηαθνπηφκελε δηέγεξζε, θαη έρεη ζπζρεηηζηεί κε ρακειέο 

ελεξγεηαθέο απαηηήζεηο ζε κία πηινηηθή θιηληθή κειέηε (Little et al. 2013). Παξνι‘απηά, ε 

παξνπζία, θαηά ηε δηάξθεηα ηεο δηέγεξζεο, κεγάισλ ζθαικάησλ ζηηο θαηαγξαθέο δπλακηθψλ 

ηνπηθνχ πεδίνπ, ε ζρεηηθά ρακειή δπλακηθή πνιππινθφηεηα ηνπ ζήκαηνο απηνχ, ην θαηλφκελν 

ηεο θαηαζηνιήο ηεο δξαζηεξηφηεηαο βήηα δψλεο ησλ δπλακηθψλ ηνπηθνχ πεδίνπ ζηνλ 

ππνζαιακηθφ ππξήλα θαη ε βειηίσζε ζηνλ ηξφκν ή ηε δπζθηλεζία πξηλ ή θαηά ηε δηάξθεηα ηεο 

θίλεζεο, θαζψο θαη ε απνπζία αλαθνξάο γηα κία ζεηηθή  ζπζρέηηζε κεηαμχ ηεο θαηαζηνιήο ηεο 

βήηα ηαιαλησηηθήο δξαζηεξηφηεηαο ζηνλ ππνζαιακηθφ ππξήλα πξνθαινχκελεο απφ ηε 

δηέγεξζε θαη ηε βειηίσζε ζηνλ ηξφκν ή ηε δπζθηλεζία ππνδεηθλχνπλ ηελ αλάγθε δηεξεχλεζεο 

πην επαίζζεησλ βηνδεηθηψλ (Starr and Ostrem 2013, Little and Brown 2012).  

 

Μία ελαιιαθηηθή είλαη ε καθξνπξφζεζκε θαηαγξαθή θινητθψλ δπλακηθψλ ηνπηθνχ πεδίνπ 

(Ryapolova-Webb et al. 2014) ρξεζηκνπνηψληαο ηνλ λεπξνδηεγέξηε Activa ® PC + S 

(Medtronic, Inc., Minneapolis, MN) (Afshar et al. 2013, Rouse et al. 2012), ν νπνίνο απνηειεί 
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κία εξεπλεηηθή δηάηαμε δηπιήο θαηεχζπλζεο παξέρνληαο ηε δπλαηφηεηα ηφζν ζεξαπεπηηθήο 

δηέγεξζεο φζν θαη θαηαγξαθήο δπλακηθψλ ηνπηθνχ πεδίνπ (Sun and Morrell 2014). Η 

πξνζέγγηζε απηή πξνέθπςε απφ ην γεγνλφο φηη ηα θινητθά δπλακηθά ηνπηθνχ πεδίνπ κπνξνχλ 

λα θαηαγξαθνχλ κε ειάρηζηε επέκβαζε θαη ζθάικα δηέγεξζεο , θαη ελδερνκέλσο λα 

απνηππψλνπλ απνηειεζκαηηθά ην βαζκφ παζνινγηθήο λεπξσληθήο δξαζηεξηφηεηαο ζηε ΝΠ, ε 

νπνία αληηθαηνπηξίδεηαη ζηε δεχμε βήηα θάζεο-γάκκα πιάηνπο ζηνλ πξσηνγελή θηλεηηθφ θινηφ 

(de Hemptinne et al. 2013, Starr and Ostrem 2013). Δπηπιένλ, ε ρξήζε θινητθψλ θαηαγξαθψλ 

σο ζήκαηνο ειέγρνπ ζηε δηέγεξζε θιεηζηνχ βξφρνπ έρεη ζπζρεηηζηεί κε απμεκέλε θιηληθή 

απνηειεζκαηηθφηεηα ζπγθξηηηθά κε ηε ζπκβαηηθή δηέγεξζε αλνηρηνχ βξφρνπ ζε κία πξνθιηληθή 

κειέηε ‗απφδεημεο ηεο νξζφηεηαο ηεο αξρήο‘ (Rosin et al. 2011). Η αλάιπζε 

ειεθηξνκπνγξαθηθψλ ζεκάησλ θαηά ηε δηάξθεηα πεξηφδσλ θίλεζεο θαη αλάπαπζεο απνηειεί 

κία πεξαηηέξσ ζεκαληηθή δπλαηφηεηα πνπ παξέρεηαη απφ ηνλ λεπξνδηεγέξηε Activa PC + S 

(Ryapolova-Webb et al. 2014). Μία πξνζέγγηζε ζρεηηδφκελε κε ηνλ κε-επεβαηηθφ έιεγρν 

αλάδξαζεο έρεη πξνηαζεί ζε κία πηινηηθή θιηληθή κειέηε πνπ δηεμήρζε απφ ηνπο Basu et al 

(2013), θαηά ηελ νπνία ρξεζηκνπνηήζεθε ην ειεθηξνκπνγξάθεκα επηθαλείαο ζε ζπλδπαζκφ κε 

έλαλ θαηαιιήισο ζρεδηαζκέλν αιγφξηζκν κε ζθνπφ ηελ πξφβιεςε ηεο απαξρήο ηξφκνπ θαηά 

ηε δηάξθεηα ρξνληθψλ δηαζηεκάησλ ρσξίο δηέγεξζε. Δλ ησ κεηαμχ, εηζάγνληαη ζηαδηαθά 

θαηλνηφκνη λεπξσληθνί θαζεηήξεο νη νπνίνη πξνζθέξνπλ ηε δπλαηφηεηα ηαπηφρξνλεο ελ ησ 

βάζεη εγθεθαιηθήο δηέγεξζεο θαη θαηαγξαθήο (Lai et al. 2012, Stypulkowski et al. 2013). Με 

βάζε ελδείμεηο πνπ απνδίδνπλ ηνλ ζεξαπεπηηθφ κεραληζκφ ηεο δηέγεξζεο ζηελ απνδέζκεπζε 

λεπξνδηαβηβαζηψλ, ηα ‗έμππλα‘ ζπζηήκαηα ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο κε 

ειεθηξνρεκηθή αλάδξαζε ελδερνκέλσο λα απνηειέζνπλ κία πεξαηηέξσ ελδηαθέξνπζα 

εθαξκνγή λεπξνδηακφξθσζεο θιεηζηνχ βξφρνπ (Behrend et al. 2009, Grahn et al. 2014, Farina 

et al. 2014, Jackowska and Krysinski 2013, Gross and McDougal 2013). ΢ε απηφ ην πιαίζην 

δηεξεπλάηαη ε εθαξκνγή ηνπ Αζχξκαηνπ Αηζζεηήξηνπ ΢πζηήκαηνο ΢ηηγκηαίαο Νεπξνρεκηθήο 

΢πγθέληξσζεο  πνπ ελζσκαηψλεη ηφζν ηελ in vivo θπθιηθή βνιηακεηξία ηαρείαο ζάξσζεο θαη 

ακπεξνκεηξία γηα ηελ πξαγκαηηθνχ ρξφλνπ αλίρλεπζε ληνπακίλεο, αδελνζίλεο θαη ζεξνηνλίλεο 

(Van Gompel et al. 2010, Parpura et al. 2013).  

 

Παξάιιεια, δίλεηαη έκθαζε ζε αθφκε πην ηζρπξνχο πξνγλσζηηθνχο βηνδείθηεο ηεο 

παζνθπζηνινγίαο ηεο ΝΠ θαη ηεο ΙΦΓ, φπσο ζηε κε γξακκηθή δεύμε δηα πνιιαπιώλ δσλώλ 

ζπρλνηήησλ ζηα βαζηθά γάγγιηα θαη ζε θινητθέο δνκέο (Lopez et al. 2010, Yang et al. 2014, de 

Hemptinne et al. 2013, Shimamoto et al. 2013, Connolly et al. 2015(a), Bahramisharif et al. 

2015).  Ο πξνζδηνξηζκφο ησλ βηνδείθηε απηνχ βαζίδεηαη θαηά έλα κεγάιν κέξνο ζηελ εθηίκεζε 

ηεο δεχμεο θάζεο-πιάηνπο κέζσ ηνπ κεηαζρεκαηηζκνχ Hilbert (Tort et al. 2010). Αμίδεη λα 

ζεκεησζεί σζηφζν, φηη ε αληίζηνηρε κέζνδνο αλαθαηαζθεπήο θάζεο ελδερνκέλσο λα 

ραξαθηεξίδεηαη απφ έλα πςειφ επίπεδν επαηζζεζίαο ζην ζφξπβν κέηξεζεο (Sun et al. 2008). 
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Γηα ηνλ ιφγν απηφ, ν πεξηνξηζκφο ηεο επαηζζεζίαο ζην ζφξπβν κέηξεζεο (Sun et al. 2008, 

Rossberg et al. 2005) θαη ε ρξήζε κεζφδσλ πνπ δε βαζίδνληαη ζηελ αλαθαηαζθεπή θάζεο 

(Gottwald and Melbourne 2009) ζε έλα απηφκαην ζχζηεκα ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο 

θιεηζηνχ βξφρνπ ελδερνκέλσο λα δηεπθνιχλνπλ ζεκαληηθά ηνλ αμηφπηζην πξνζδηνξηζκφ 

δηαζπρλνηηθψλ αιιειεπηδξάζεσλ. 

 

Δλ ησ κεηαμχ, δηεξεπλψληαη πνιηηηθέο ειέγρνπ βαζηδφκελεο ζε κνληεινπνίεζε γηα ηνλ 

θαζνξηζκφ ρξνληθά ελαιιαθηηθψλ πξσηνθφιισλ δηέγεξζεο (Wilson and Moehlis 2014, Danzl et 

al. 2009, Liu et al. 2011, Nabi et al. 2013, Lourens et al. 2015, Gorzelic et al. 2013, Dasanayke 

and Li 2015, Iolov et al. 2014, Tass and Hauptmann 2007, Tass et al. 2003, Hauptmann and 

Tass 2010, Tukhlina et al. 2007, Montaseri et al. 2015, Su et al. 2014), ελψ κία ζεηηθή 

‗απφδεημε ηεο νξζφηεηαο ηεο αξρήο‘ παξαζρέζεθε πξφζθαηα γηα ηε λεπξνηξνπνπνίεζε 

ζπληνληζκέλεο επαλαθνξάο (Adamchic et al. 2014). Ο θνηλφο παξνλνκαζηήο ζηελ πιεηνςεθία 

ησλ πξνζεγγίζεσλ απηψλ είλαη ν απνζπγρξνληζηηθφο έιεγρνο ηεο λεπξσληθήο δξαζηεξηφηεηαο 

κε θαηαλάισζε ειάρηζηεο ελέξγεηαο. Η ινγηθή πίζσ απφ ην ζθνπφ απηφ έγθεηηαη ζε ελδείμεηο 

φηη νη ρξνληθά ελαιιαθηηθέο θπκαηνκνξθέο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο έρνπλ ηε 

δπλαηφηεηα λα νδεγήζνπλ ηε λεπξσληθή δπλακηθή εληφο ησλ βαζηθψλ γαγγιίσλ πίζσ ζηε 

θπζηνινγηθή απνζπγρξνληζκέλε θαηάζηαζε (Feng et al. 2007(a), (b)), μεπεξλψληαο θαη‘απηφλ 

ηνλ ηξφπν ηελ επίδνζε ησλ ζπκβαηηθψλ θπκαηνκνξθψλ ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο, ν 

κεραληζκφο ησλ νπνίσλ έρεη πξσηαξρηθά απνδνζεί ζηελ θαλνληθνπνίεζε ησλ λεπξσληθψλ 

πξνηχπσλ ζηελ πεξηνρή ηνπ δηεγεξκέλνπ ππξήλα (McConnell et al. 2012, Grill et al. 2004, 

Santaniello et al. 2015 ). Ίζσο αθφκε πην ζεκαληηθφ λα είλαη ην γεγνλφο φηη ε ρξήζε 

ελαιιαθηηθψλ πξνηχπσλ δηέγεξζεο λα επλνείηαη, σο πξνο ηε βξαρππξφζεζκε θαη 

καθξνπξφζεζκε θιηληθή απνηειεζκαηηθφηεηα, απφ ηε ζηαζεξνπνηεηηθή επίδξαζε ηεο 

εμαξηψκελεο απφ ην ρξνληζκφ δπλακηθψλ ελέξγεηαο πιαζηηθφηεηαο  (spike-timing dependent 

plasticity, STDP) ζηελ απνζπγρξνληζκέλε λεπξσληθή δξαζηεξηφηεηα (Lourens et al. 2015). 

 

Με βάζε ηηο παξαπάλσ ελδείμεηο, ζηελ αλάιπζε ηνπ θεθαιαίνπ 6 παξαζέηνπκε κία ζεηξά 

κεζφδσλ εχξσζησλ ζηελ παξνπζία ζνξχβνπ κέηξεζεο (Rossberg et al. 2005, Gottwald and 

Melbourne 2009), πνπ ρξεζηκνπνηνχληαη κε ζθνπφ ηνλ πξνζδηνξηζκφ ηεο παξνπζίαο 

ζεκαληηθήο κε γξακκηθήο δεχμεο κεηαμχ ηεο ππνζαιακηθήο δξαζηεξηφηεηαο βήηα θαη ηεο 

δξαζηεξηφηεηαο πςειήο ζπρλφηεηαο, σο βηνδείθηε ειέγρνπ αλάδξαζεο. Δπηπιένλ, πξνηείλνπκε 

κία ζηξαηεγηθή βαζηδφκελε ζε κνληεινπνίεζε κέζσ ηεο νπνίαο πξνζδηνξίδνληαη βέιηηζηα 

πξφηππα θαη παξάκεηξνη δηέγεξζεο γηα ηνλ απνζπγρξνληζηηθφ έιεγρν λεπξσληθήο 

δξαζηεξηφηεηαο κε ειάρηζηε θαηαλάισζε ελέξγεηαο. Δπηιέγνπκε έλα θαζηθψο αλαγφκελν 

κνληέιν λεπξψλα ραξαθηεξηδφκελνπ απφ μεζπάζκαηα (Sherwood and Guckenheimer 2010, 

Mauroy et al. 2014), δεδνκέλνπ φηη ε απμεκέλε λεπξσληθή δξαζηεξηφηεηα ραξαθηεξηδφκελε 
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απφ μεζπάζκαηα έρεη ζπζρεηηζηεί κε ηελ παζνθπζηνινγία ηφζν ηεο ΝΠ φζν θαη ηεο ΙΦΓ 

(Piallat et al. 2011, Welter et al. 2011). Σα ρξνληθά πξφηππα δηέγεξζεο παξάγνληαη βάζεη κίαο 

ηπραίαο (Poisson) δηαδηθαζίαο, αθνχ ε απνζπγρξνληζηηθή θαη ελδερνκέλσο  ε ζεξαπεπηηθή 

επίδξαζε ησλ ζηνραζηηθψλ θπκαηνκνξθψλ ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο έρεη απνδεηρζεί 

ζηελ αλάιπζε ηνπ θεθαιαίνπ 5 φηη είλαη ζεκαληηθά ηζρπξφηεξε ζε ζχγθξηζε κε ηελ επίδξαζε 

ηεο ζπκβαηηθήο δηέγεξζεο. Δπηπιένλ, ε απνδνηηθφηεηα ησλ ζηνραζηηθψλ θπκαηνκνξθψλ έρεη 

απνδεηρζεί εχξσζηε ζηηο κεηαβνιέο ηεο λεπξσληθήο δξαζηεξηφηεηαο θαη ελδερνκέλσο επίζεο 

ζηηο αζηαζείο ζπλζήθεο πνπ αλακέλνληαη ζηελ θιηληθή πξάμε. Ο θαζνξηζκφο ηνπ αθξηβνχο 

βέιηηζηνπ ρξνληθνχ πξνηχπνπ θαη ησλ βέιηηζησλ παξακέηξσλ δηέγεξζεο πξαγκαηνπνηείηαη 

κέζσ ηεο εθαξκνγήο ελφο αιγνξίζκνπ βειηηζηνπνίεζεο κε βαζηδφκελνπ ζε παξάγσγν, 

ζπγθεθξηκέλα ηεο βειηηζηνπνίεζεο απεπζείαο αλαδήηεζεο βαζηδφκελεο ζε ηεηξαγσληθή 

κνληεινπνίεζε (Custodio et al. 2010), βάζεη ηνπ γεγνλφηνο φηη ε λεπξσληθή απφθξηζε ζηηο 

παξακέηξνπο ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο ελδερνκέλσο λα είλαη κία πνιχπινθε, κε 

δηαθνξίζηκε ζπλάξηεζε (Feng et al. 2007(a)). Οη πξνζνκνηψζεηο πξαγκαηνπνηνχληαη 

ρξεζηκνπνηψληαο κηθξνειεθηξνδηαθέο θαηαγξαθέο αλαθηεκέλεο θαηά ηε δηάξθεηα 8 θαη 8 

επεκβάζεσλ ελ ησ βάζεη εγθεθαιηθήο δηέγεξζεο ηνπ ππνζαιακηθνχ ππξήλα γηα ΝΠ θαη ΙΦΓ, 

αληηζηνίρσο. Σέινο, επεθηείλνληαο ηα απνηειέζκαηα ηεο αλάιπζεο ηνπ πξνεγνχκελνπ 

θεθαιαίνπ, ζηελ αλάιπζε ηνπ θεθαιαίνπ 6, επηρεηξνχκε λα παξάζρνπκε ελδείμεηο γηα κία 

ελδερφκελε ζπζρέηηζε ηνπ πξσηαξρηθνχ κέηξνπ έθβαζεο δηεμαγφκελνπ απφ ην πξνηεηλφκελν 

κνληέιν, δει. ηεο ακεηάβιεηεο ππθλφηεηαο, κε ηελ θιηληθή απνηειεζκαηηθφηεηα ηεο δηέγεξζεο 

ζηελ αλζεθηηθή ζηε ζεξαπεία ΙΦΓ.  

 

Οη Bikson et al. (2015) ζεκεηψλνπλ: «Οη πξνζεγγίζεηο δηέγεξζεο θιεηζηνχ βξφρνπ είλαη 

εγγελψο εμαξηψκελεο απφ ηελ θιηληθή θαηάζηαζε θαη απαηηνχλ ππνινγηζηηθή λεπξνδηέγεξζε». 

Αλαιχνληαο ηελ ππφδεημε απηή ζε ζπλδπαζκφ κε ηνλ αληίθηππν ηεο παξνχζαο πξνζέγγηζεο 

θάλνπκε ηηο αθφινπζεο δχν βαζηθέο παξαηεξήζεηο: πξψηνλ, αλ θαη νη ελδείμεηο γηα ηελ 

παζνθπζηνινγία ησλ αλζεθηηθψλ ζηε ζεξαπεία λεπξνινγηθψλ θαη λεπξνςπρηαηξηθψλ 

δηαηαξαρψλ παξακέλνπλ, έσο ηελ παξνχζα ζηηγκή, θαηά έλαλ κεγάιν βαζκφ κε πξνζνδνθφξεο, 

απμαλφκελεο κειέηεο ππνζηεξίδνπλ ην ζεκαληηθφ ξφιν ηεο κε γξακκηθήο δεχμεο κεηαμχ ηεο 

δξαζηεξηφηεηαο βήηα θαη ηεο δξαζηεξηφηεηαο πςειήο ζπρλφηεηαο ζηελ παζνθπζηνινγία ηεο 

ΝΠ (Voytek and Knight 2015), ππνδεηθλχνληαο θαηά απηφλ ηνλ ηξφπν ηελ ελδερφκελε 

ρξεζηκφηεηα ηνπ κέηξνπ απηνχ σο βηνδείθηε ‗θιηληθήο θαηάζηαζεο‘ ζε πξνζεγγίζεηο 

λεπξνδηακφξθσζεο θιεηζηνχ βξφρνπ γηα ΝΠ. Σα απνηειέζκαηα ηεο αλάιπζεο ηνπ θεθαιαίνπ 6 

ηείλνπλ πξνο ηελ ππφδεημε απηή επηθπξψλνληαο ηελ παξνπζία δηαζπρλνηηθήο δεχμεο γηα θάζε 

αζζελή κε πξνρσξεκέλν ζηάδην ηεο ΝΠ. Αληηζέησο, ε θαηαιιειφηεηα ηνπ ραξαθηεξηζηηθνχ 

απηνχ σο βηνδείθηε ‗θιηληθήο θαηάζηαζεο‘ απνδείρζεθε κάιινλ εμεηδηθεπκέλε θαη‘αζζελή 

ζηελ πεξίπησζε ηεο αλζεθηηθήο ζηε ζεξαπεία ΙΦΓ. Γηα ηνλ ιφγν απηφ, θξίζεθε απαξαίηεηε ε 
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εθαξκνγή ελφο ελαιιαθηηθνχ βηνδείθηε ζνβαξφηεηαο ηεο ΙΦΓ,  δει. ηεο έληνλεο ππνζαιακηθήο 

δξαζηεξηφηεηαο ραξαθηεξηδφκελεο απφ μεζπάζκαηα (Welter et al. 2011). Γεχηεξνλ, κέζσ ηεο 

αλάιπζεο ηνπ θεθαιαίνπ 6 επηρεηξνχκε λα παξάζρνπκε πεηζηηθέο απνδείμεηο γηα ηελ 

εθαξκνζηκφηεηα ηεο ‗ππνινγηζηηθήο λεπξνδηέγεξζεο‘ ζε ζπζηήκαηα ελ ησ βάζεη εγθεθαιηθήο 

δηέγεξζεο θιεηζηνχ βξφρνπ. Απνδεηθλχνπκε φηη ε πξνηεηλφκελε ζηξαηεγηθή βαζηδφκελε ζε 

κνληεινπνίεζε ελδερνκέλσο λα ππεξβαίλεη ηελ επίδνζε ηεο κεηεγρεηξεηηθήο θιηληθήο 

δηαρείξηζεο σο πξνο ηε ζεξαπεπηηθή απνδνηηθφηεηα ηεο δηέγεξζεο θαη γηα ηηο δχν παζνινγηθέο 

θαηαζηάζεηο. Απνθέξνληαο έλα κέζν βέιηηζην εχξνο παικνχ ίζν κε 33κs, ηηκέο ζπρλφηεηαο 

δηέγεξζεο ζεκαληηθά ρακειφηεξεο ζε ζχγθξηζε κε ηε ζπκβαηηθή δηέγεξζε θαη δηαηεξψληαο ην 

βέιηηζην πιάηνο έληαζεο δηέγεξζεο ζηελ ειάρηζηε ηηκή, ε ζηξαηεγηθή βαζηδφκελε ζε 

κνληεινπνίεζε απνδεηθλχεηαη πεξαηηέξσ λα επηηπγράλεη κία ζεκαληηθά πςειφηεξε επίδνζε σο 

πξνο ηελ επηιεθηηθφηεηα θαη ελεξγεηαθή απνδνηηθφηεηα ηεο δηέγεξζεο. Δθηφο απφ ηε ρξήζε ηνπ 

θαζηθψο αλαγφκελνπ κνληέινπ λεπξψλα ραξαθηεξηδφκελνπ απφ μεζπάζκαηα, ε ελζσκάησζε 

ηεο βειηηζηνπνίεζεο απεπζείαο αλαδήηεζεο βαζηδφκελεο ζε ηεηξαγσληθή κνληεινπνίεζε 

ζπκβάιεη ζεκαληηθά ζηελ εμαηξεηηθή επίδνζε ηεο παξνπζηαδφκελεο πξνζέγγηζεο. 

΢πγθεθξηκέλα, εθηφο απφ ηα πξναλαθεξφκελα ζεκαληηθά απνηειέζκαηα, ε εθαξκνγή ηεο 

κεζφδνπ απεπζείαο αλαδήηεζεο βαζηδφκελεο ζε κνληεινπνίεζε ζπζρεηίδεηαη κε κία ζεκαληηθά 

πςειφηεξε ππνινγηζηηθή ηαρχηεηα ζπγθξηηηθά κε νκφινγνπο αιγνξίζκνπο βειηηζηνπνίεζεο 

(γεληθεπκέλε κέζνδνο αλαδήηεζεο πξνηχπσλ, γελεηηθφο αιγφξηζκνο).  
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exponent, ι, calculated on the basis of the stochastic phase model (lower right panel). (B) Assessment of the 

mean  standard error mean Lyapunov exponent, ι, based on the stochastic phase model and a total of 16 acceptable 

MER trajectories acquired during eight STN-DBS interventions for PD (left) (in 8 out of 16 MER trajectories 

neuronal activity was in addition recorded below the STN). Statistical analysis corroborated the propensity of the 
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1.1. Deep Brain Stimulation 

 

1.1.1. Introduction 

 

…never before have practicioners and scientists been able to actively intervene in, modulate, correct, and 

investigate dysfunctional neuroanatomical circuits believed to underlie much of human thought and 

behavior… 

 

N. Lipsman et al. (2010) 

 

 

Middle- and high-income societies are being characterized by a considerable and rising burden 

of neurological and psychiatric disorders, mainly due to an absence of effective treatments along 

with an increasingly elderly population (Vos et al. 2012, Murray et al. 2012, World Health 

Organization 2004, Kowal et al. 2013). Accordingly, there is an urgent need for innovative 

treatments to prevent, delay onset, or alleviate symptoms of the respective diseases. With 

respect to the latter, the use of chronic, high-frequency, electrical deep brain stimulation (DBS), 

during approximately the last 30 years, has been proven to provide striking benefits for patients 

with Parkinson‘s disease (PD) (Deuschl et al. 2006), essential tremor (ET) (Zhang et al. 2010) 
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and dystonia (Kumar et al. 1999) who have failed conventional therapies. Key factors for the 

emergence of this groundbreaking application have been considerable advances in 

structural/functional brain imaging and surgical technology coupled with the development of a 

deeper understanding of the organization and the pathophysiology of the basal ganglia (Lozano 

and Lipsman 2013). These factors paved the way for the translation of the anatomofunctional 

concepts into therapy-oriented surgical strategies (Benabid 2012). Further, while DBS has been 

established as a safe and effective therapeutic option for movement disorders (Williams et al. 

2010), novel applications of this technique for the treatment of neuropsychiatric disorders have 

emerged over the last 15 years, including treatment-refractory obsessive-compulsive disorder 

(OCD) (Nuttin et al. 1999), Tourette‘s syndrome (TS) (Vandewalle et al.1999), major 

depressive disorder (MDD) (Mayberg et al. 2005), drug addiction (Muller et al. 2009) and 

anorexia nervosa (AN) (Lipsman et al. 2013). Eventually, ‗just as DBS has revolutionized the 

practice of movement disorder surgery, its application to psychiatric illness has become the 

cutting edge of functional neurosurgery‘ (Kopell and Greenberg 2008). The non-ablative nature 

of DBS, its adaptability and virtual reversibility (Benabid et al. 2009) have converted this 

treatment option into the most rapidly expanding field in neurosurgery. As yet, the number of 

patients who have undergone deep brain stimulation surgery is estimated to have exceeded 

100,000 worldwide. From a scientific point of view, DBS has provided a common touchstone of 

hitherto separate disciplines and research areas. Ultimately, it has significantly contributed to a 

‗renaissance‘ in systems neuroscience offering the potential for conducting in vivo research on 

specific brain networks subserving motor, affective and cognitive function. The above facts are 

being reflected within the over 700 DBS-related manuscripts being published every year 

(Lozano and Lipsman 2013). Meanwhile, however, this enthusiasm needs to be tempered by a 

careful consideration of ethical principles. Though the existing ethical norms and regulatory 

context provide certain safeguards against misuse of neurosurgery for movement and 

neuropsychiatric disorders (Greenberg et al. 2010 (a)), there is still a need in this field to more 

clearly address the related ethical and social challenges and to establish universal ethical 

guidelines for the newly emerging clinical trials (Bell and Racine 2012, Fins et al. 2011, 

Lipsman et al. 2010). Undoubtedly, patient protection should be the kingpin of a solid 

framework for ethical evaluation (Clausen 2010). 

 

1.1.2. What is Deep Brain Stimulation? 

 

Undoubtedly the most striking progress in neuromodulation using DBS can be attributed to the enormous 

progress in anatomical, functional, and network visualization provided by MRI techniques. 

 

F.L.H. Gielen and G.C. Molnar (2012) 
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(a) 

 

(b) 

Figure 1.1. (a) Example of preoperative radiographic control and postoperative magnetic resonance 

imaging control scans in a patient with treatment-refractory OCD. A 3389 electrode (Medtronic, 

Minneapolis, Minnesota, USA) was used for deep brain stimulation (adapted with permission from 

Chabardes et al. 2013) (b) Medtronic DBS lead (Medtronic Inc.-Lapidus) 

 

Deep brain stimulation is a therapeutic approach based on the concept of neuromodulation, i.e. 

the alteration of pathological neuronal activity in the target nucleus and associated neural 

networks by means of an electric current delivered through intracerebrally implanted electrodes 

that are connected to an implantable pulse generator (IPG). The Medtronic DBS system consists 

of one (or two in case of bilateral stimulation) lead(s) with four cylindrical contacts (each 1.27 

mm diameter, 1.5 mm height, 1.5 mm or 0.5 mm spacing between contacts) that is (are) 

surgically implanted in the selected brain nucleus (or nuclei) (figure 1.1) and subcutaneously 

connected in the subclavicular region to an IPG. The IPG is a programmable and possibly 

rechargeable device similar to modern cardiac pacemakers that delivers continuous stimulation. 

Deep brain stimulation surgery embraces the principles of stereotactic and functional 

neurosurgery and may be frameless or frame-based (Lozano et al. 2009). In either case, precise 

electrode localization is based on pre-operative stereotactic targeting and intra-operative 

electrophysiological mapping techniques usually applied under local anesthesia (Abosch et al. 

2013). Pre-operative stereotactic targeting is achieved via modern visualization techniques 
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(frameless magnetic resonance imaging (MRI) and frame-based computed tomography (CT)), 

while electrophysiological mapping techniques most commonly applied are microelectrode 

recording (MER) of neuronal activity in the target area and intra-operative macrostimulation, 

i.e.  stimulation at increasing voltage applied through an external pulse generator for 

determination of  the site associated with the best therapeutic window (i.e. threshold for adverse 

effects/ threshold for clinical effects) (Abosch et al. 2013, Marceglia et al. 2010). Importantly, 

non-MER strategies have also been adopted (Foltynie et al. 2010). In addition to precise 

electrode localization, post-operative clinical management strongly influences the outcome of 

DBS for a specific treatment (Volkmann et al. 2004, Benabid et al. 2009). Thus, following the 

implantation of a DBS system, stimulation parameters and medication are optimally adjusted. 

Medication doses, already reduced pre-operatively, are further decreased, and set at a 

compromise level. With respect to stimulation settings, a pulse width of 60κs, a stimulation 

frequency of 130 Hz and a variable voltage amplitude are commonly applied at initial stages 

(Volkmann et al. 2004). The procedures related to the determination of the optimal contact 

within the electrode array for monopolar (against the IPG case) or bipolar stimulation, as well as 

to the determination of the stimulation parameters that produce the best therapeutic window 

(Marceglia et al. 2010, Krack et al. 2002) entail a great amount of trials and errors and are 

therefore considerably time consuming (Hunka et al. 2005, Kuncel et al. 2004).  Against this 

framework, the concepts of ‗closed-loop‘, ‗feedback controlled‘, or ‗adaptive‘ stimulation are 

interchangeably emerging as robust ‗on-demand‘ alternatives, constituting one of the most 

revolutionary scenarios in the field of DBS (Leondopoulos and Micheli-Tzanakou 2010, Hariz 

et al. 2013) (figure 1.2). 

 

Principally, DBS has not only constituted a dynamic clinical perspective for the treatment of 

movement and refractory neuropsychiatric disorders - by virtue of its reversibilty, adaptability 

and association to a low morbidity - but also a powerful tool for delineating the functionality of 

the targeted nuclei in the course of symptom manifestation and remission, as well as for 

disentangling the effects and mechanisms of stimulation per se (Lozano et al. 2010 (a), Pollak et 

al. 2002). These unique opportunities have been primarily provided through both intraoperative 

MER and functional stimulation techniques, as well as local field potential (LFP) recordings 

and stimulation applied post-operatively. First, during intraoperative microelectrode recording  

performed at rest or in response to various motor and cognitive tasks, physiological and 

pathological patterns of neuronal activity can be assessed and ascribed  to a specific targeted 

nucleus or nucleus subterritory (Levy et al. 2000, Weinberger et al. 2006, Piallat et al. 2011, 

Wong et al. 2009, Rodriguez-Oroz et al. 2001, Lozano et al. 2010 (a), Zaghoul et al. 2009, 

2012; Patel et al. 2012). Secondly, during intraoperative and postoperative macrostimulation, 

the beneficial, but also adverse effects of stimulation on the target nuclei can  
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(a)                                           (b)                                                     (c) 

 

Figure 1.2. (a) General device architecture for a bi-directional neural interface system incorporating the 

built-in capability to make real-time therapy adjustments in a closed-loop mode (Rouse et al. 2011) (b) 

The Activa® PC+S deep brain neurostimulator (Medtronic, Minneapolis, MN, USA) (c) The Activa® RC 

neurostimulator, the first rechargeable deep brain stimulation device and the thinnest available on the 

market today with 9-year longevity (Medtronic, Minneapolis, MN, USA). 

 

be evaluated, thereby elucidating  the functional role of these structures (Pollak et al. 2002, 

Nuttin et al. 2003, Greenberg et al. 2006, Mayberg et al. 2005, Vandewalle et al. 1999,  

Lipsman et al. 2013, Mallet et al. 2008, Hershey et al. 2010, Greenhouse et al. 2011). Finally, 

the assessment of LFP activity post-operatively, i.e. in the interval between DBS electrode 

implantation and subsequent connection to the subcutaneous stimulator, is an approach that has 

yielded important findings with respect to the characterization of pathophysiological 

mechanisms underlying neurological disorders (Brown et al. 2001, Lopez-Azcarate et al. 2010), 

as well as the mechanisms of action of stimulation (Kühn et al. 2008).  

 

1.1.3. From Ablation to Stimulation 

 

Although the enthusiasm with which psychiatric neurosurgery is sometimes greeted hearkens back to that 

in the beginning of the era of freehand ‘psychosurgery’, when prefrontal lobotomy saw wide, 

indiscriminate use, the parallels are quite limited. Those crude operations had some therapeutic effects, 

but were accompanied by unacceptable and even tragic adverse effects. Techniques, procedures, and 

practices have evolved steadily since then. 

 

B. Greenberg et al. (2010 (a)) 

 

Surgery for movement and neuropsychiatric disorders was initiated in the late 19th century 

involving distinct ablative procedures that, although being unrefined, were correlated with 

certain therapeutic effects. These procedures included the removal of the motor cortex for the 



1    Introduction 
 

6 

 

treatment of chorea by neurosurgeon Victor Horsley (Horsley 1890) and the excision of sections 

of the frontal, temporal or temporoparietal lobe for the treatment of chronic mania, primary 

dementia and schizophrenia by the Swiss psychiatrist Gottlieb Burckhardt (Kotowicz 2005). 

Almost half a century later, in 1949, the Portuguese neurologist Egas Moniz was awarded the 

Nobel Prize in Physiology and Medicine for performing a surgical intervention in patients with 

certain neuropsychiatric disorders (Moniz 1936), that was subsequently modified in an 

uncritical and erratic manner by neurologist Walter Freeman evolving into the most maligned 

medical practice in history: the prefrontal lobotomy (Malone and Pandya 2006). 

 

In the meantime, with the groundbreaking introduction of stereotactic functional neurosurgery 

by neurologist Ernst Spiegel and neurosurgeon Henry Wycis (Spiegel et al 1947), and the 

subsequent work of neurosurgeon Lars Leksell (Bingley et al 1977), substantially more refined 

ablative interventions, first for neuropsychiatric disorders and later for movement disorders, 

were becoming possible: thalamotomy, pallidotomy, capsulotomy and subthalamotomy were 

some of the stereotactic surgical procedures performed based on the principle of making focal 

lesions in the pertinent nuclei, while resulting in significant improvements without producing  

paralysis and the unacceptable or even tragic adverse effects of  prefrontal lobotomy. 

 

During approximately the same period, the use of temporary electrodes for the application of 

DBS in patients with neuropsychiatric, pain or movement disorders was being reported for the 

first time (Hariz et al. 2010). In almost all of these cases, stimulation was performed 

intraoperatively as a means of physiological evaluation of the subcortical brain target prior to 

lesioning, but also in order to assess its possible therapeutic value for the treatment of the 

respective disorders. With respect to the application of DBS  in neuropsychiatric disorders, as 

opposed to Spiegel and Wycis who performed ethically and scientifically sound trials (Spiegel 

et al. 1947), psychiatrist Robert Heath was rightfully criticized for acting in isolation and for 

violating ethical principles (Laitinen 1977). In the mid-1970s, as a consequence of studies 

related to the assessment of the therapeutic value of stimulation in the treatment of chronic pain 

(Reynolds 1969), the term ‗DBS‘ was trademarked by Medtronic, Inc. (Minneapolis, MN, USA) 

for the first commercially marketed devices (Coffey 2009). Paradoxically, however, DBS for 

chronic pain has not been to date approved by the US Food and Drug Administration (FDA) due 

to the absence of controlled trials demonstrating its clinical efficacy. In 1974, Quadee reported 

on the application of stimulation and lesion of the lateral hypothalamic area in patients with 

comorbid obesity (Quadee 1974). During the period 1972-1977, neurophysiologist Bechtereva 

and colleagues aimed at chronic stimulation of the ventrolateral and the centromedian thalamus 

as a ‗permanent‘ therapy for patients with PD, without however reaching this end due to poor 

technological equipment in the USSR at that time (Bechtereva et al. 1975, Hariz et al. 2010). 
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(b) 

Figure 1.3. (a) Significant DBS milestones since 1980 (b) Registered Phase I to Phase III DBS Trials as 

of September 2012 (adapted with permission from Lozano and Lipsman 2013). PD+: PD plus an 

additional disorder (depression, dystonia, tremor). 
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In 1977, Professor Fritz Mundinger reported on the permanent implantation of a Medtronic 

DBS system for the treatment of cervical dystonia. Stimulation was intermittently delivered via 

a radiofrequency coupled external stimulator, at frequencies of up to 390 Hz (Mundinger 1977). 

In fact, however, the introduction of two major breakthroughs, the chlorpromazine- and the 

levodopa-based pharmacological therapy, during the 1950s (Turner 2007) and 1960s (Cotzias et 

al. 1069), respectively, along with the virtual abandonment of surgery for psychiatric disorders 

due to the wide and indiscriminate use of prefrontal lobotomy, were pushing surgical therapy 

for movement and neuropsychiatric disorders, by the 1970s, almost completely into the 

background. 

 

In the 1980s, the awareness of the fact that many patients with advanced PD showed reduced 

clinical benefit with levodopa therapy or developed medication-related adverse effects began to 

increase. This evolution combined with significant technological and functional imaging 

breakthroughs and a vastly superior knowledge of neural pathophysiology was setting  

the stage for a resurgence of interest for functional neurosurgical and deep brain stimulation 

approaches (Starr et al. 1998). In the early 1980s, Cooper, Brice and Andy evaluated  

the therapeutic effectiveness of DBS for intractable movement disorders reporting its 

reversibility and superiority to lesioning for the first time (Cooper 1980, Brice and McLellan 

1980, Andy 1983). Against this background, the modern form of DBS was heralded in 1987, by 

the French neurosurgeon/neurologist team of Benabid and Pollak and their colleagues who 

applied thalamic DBS at frequencies higher than 100Hz in the one side and thalamotomy in the 

most disabled side in patients with tremor due to PD (Benabid et al. 1987) (figure 1.3). The 

team corroborated the triad of hallmarks characterizing modern DBS: reversibility, adaptability 

and low morbidity. Thereby, they portended the potential to establish thalamic DBS as an 

alternative equally effective to ablative stereotaxy for PD (Schuurman et al. 2008). Importantly, 

several years before, Burns et al (1983) had developed the non-human primate model of PD on 

the basis of the discovery of the neurotoxin 1-methyl-4- phenyl-1,2,3,6-tetrahydropyridine 

(MPTP) by Langston et al (1983).  This model, as well as the functional model of the basal 

ganglia established by Alexander and colleagues (Alexander et al. 1986, Alexander and 

Crutcher 1990) are considered major milestones in the development of new approaches in the 

field of DBS. In 1990, Hagai Bergman reported the reversal of parkinsonism by focal lesions 

and electrical stimulation of the subthalamic nucleus (STN) in MPTP-treated non-human 

primates. On the basis of this observation, in 1993, Benabid et al corroborated the effectiveness 

of STN DBS in two patients with PD (Benabid et al. 1994).The Grenoble group established 130 

Hz as the ‗ideal‘ stimulation frequency. The documentation of the safety and efficacy of this 

method eventually led to the displacement of the posteroventral pallidotomy for PD in the 1990s 

(Limousin et al. 1995, Limousin et al. 1998, Laitinen 1977). In 1997, the US FDA issued an 
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approval for the use of thalamic DBS for ET (Koller et al. 1997), while DBS of the STN or 

globus pallidus for the treatment of PD was approved in 2002 (Deep Brain Stimulation for 

Parkinson‘s Disease Study Group 2001).   In 2000, Coubes and colleagues reported on the 

effectiveness of DBS of the internal globus pallidus (GPi) for the treatment of DYT1 

generalized dystonia (Coubes et al. 2000). Three years later, a Humanitarian 

Device Exemption (HDE) was granted by the FDA for pallidal DBS for the treatment of 

primary dystonia (Coubes et al. 2004).  

 

Undoubtedly, the current era of DBS has been principally characterized by applications for the 

treatment of movement disorders. Nonetheless, the corroboration of the safety and clinical 

effectiveness along with the evolving refinement of this technology have served as an impetus 

for the resurgence of psychiatric neurosurgery and the initiation of clinical trials exploring 

application of DBS for treatment-refractory neuropsychiatric disorders. A synergetic factor for 

this evolution has been the exponentially growing literature correlating dysfunctional 

neuroanatomical and physiological circuits to psychiatric symptoms and explicitly pointing to 

the biological roots of psychiatric disorders (Kopell and Greenberg 2008). In 1999, Nuttin and 

colleagues observed beneficial effects of DBS of the anterior limbs of the internal capsule (IC) 

in three of four patients with treatment-refractory OCD (Nuttin et al. 1999). In the same year, 

Vandewalle and colleagues reported on the effectiveness of thalamic DBS in one patient with 

TS (Vandewalle et al. 1999).Ten years later, a humanitarian device exemption was granted by 

the FDA for DBS of the anterior limb of the IC for the treatment of OCD, an action that has 

been fiercely criticized by Fins and colleagues for entailing great risks for patient safety and 

research integrity (Fins et al. 2011(b)). In 2005, Mayberg and colleagues stated that DBS of the 

subgenual cingulate white matter (Cg25) effectively reversed symptoms in four of six patients 

with treatment-refractory MDD (Mayberg et al. 2005). The first report on the clinical 

effectiveness of DBS of the nucleus accumbens (NAcc) for the treatment of refractory addiction 

was published in 2009 by Müller and colleagues (Müller et al. 2009) following an observation 

of remarkable alleviation of a patient‘s comorbid alcohol dependency after DBS of the NAcc 

(Kuhn et al. 2007). Finally, in 2013, Lipsman et al designed a phase I pilot trial through which 

they assessed the safety and the clinical benefits of subcallosal cingulated DBS in patients with 

treatment-refractory AN (Lipsman et al. 2013). Remarkably, Laxton et al had meanwhile 

conducted the first phase I pilot trial of fornix/hypothalamic DBS for the treatment of 

Alzheimer‘s disease (AD) (Laxton et al. 2010), thereby extending the spectrum of DBS 

applications to cognitive disorders (figure 1.3). 
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1.2. Thesis Structure 

 

The ultimate objective of this dissertation is the algorithmic design of a therapeutically- and 

energy-efficient closed-loop DBS system for movement and neuropsychiatric disorders, with 

special focus on advanced PD and treatment-refractory OCD, through the employment of 

stochastic dynamical modeling.  

 

The dissertation is organized as follows. 

 

Chapter 2 presents an analysis of the symptomatology, the pathophysiology and the 

neurocircuitry of PD, as well as of DBS for the advanced clinical stage of this condition. 

 

Chapter 3 presents an analysis of the symptomatology, the pathophysiology and the 

neurocircuitry of OCD, as well as of DBS for the treatment-refractory form of this condition. 

 

Chapter 4 introduces a data-driven model of stochastic nonlinear dynamics and evaluates 

collective dynamical and response properties of the subthalamic oscillatory activity in the 

pathological state, as crucial hallmarks for the selection of the optimal stimulation site during 

DBS for advanced PD. Specifically, the objective is to determine the applicability of the model 

within the framework of the principal mapping techniques that are commonly used 

intraoperatively: MER and macrostimulation testing. 

 

Chapter 5 focuses on the evaluation of the efficiency of alternative STN-DBS protocols for 

advanced PD and treatment-refractory OCD. A modified version of the model introduced in 

chapter 4 is employed along with two MER datasets for the comparative assessment of the 

desynchronizing and therapeutic effect of standard (regular at 130Hz) versus eleven temporally 

alternative patterns of STN-DBS for PD and OCD, and for the determination of the particular 

pattern characteristics correlated with a significantly stronger desynchronizing and therapeutic 

effect. 

 

Chapter 6 is devoted to the algorithmic design of a closed-loop STN-DBS system for advanced 

PD and treatment-refractory OCD, ensuring optimal performance in terms of both efficiency 

and selectivity of stimulation, as well as in terms of computational speed. The system 

incorporates the application of a phase-reduced bursting neuron model and direct search 

optimization based on quadratic modeling, through which optimal stochastic patterns and 

parameters of stimulation for minimum energy desynchronizing control of neuronal activity are 

being identified. 
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Chapter 7 concludes the dissertation with a summary of the main contributions of the thesis 

and a reference to future perspectives. 
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Parkinson’s Disease 

 

 

 

 

 

 

 

 

 
 

 

… the aspect of the patient is very characteristic. The head is bent forward, and the expression of the face 

is anxious and fixed, unchanged by any play of emotion. The arms are slightly flexed at all joints from 

muscular rigidity, and (the hands especially) are in constant rhythmical movement, which continues when 

the limbs are at rest so far as the will is concerned. The tremor is usually more marked on one side than 

on the other. Voluntary movements are performed slowly and with little power. The patient often walks 

with short quick steps, leaning forward as if about to run… 

 

Gowers (1901) 

 

2.1. Definition, Classification and Epidemiology 

 

Parkinson‘s disease (PD), also known as idiopathic or primary parkinsonism, hypokinetic rigid 

syndrome (HRS), or paralysis agitans is the second most common neurodegenerative disorder 

after Alzheimer‘s disease (AD), pathologically characterized by the loss of dopaminergic cells 

of the substantia nigra pars compacta (SNc) in association with the presence of alpha-synuclein 

deposits (Lewy bodies) in the cytoplasm of neurons, and clinically by four cardinal symptoms: 

resting tremor, bradykinesia, rigidity, and postural instability (de Lau and Breteler 2006, Lang 

and Lozano 1998, Nussbaum and Ellis 2003). First descriptions of parkinsonian symptoms are 

found in ancient Egyptian and ayurvedic literature, but also in the Bible (Manyam 1990, Garcia 

Ruiz 2004).  In 1817,  the English scientist and political activist James Parkinson, published his 

http://en.wikipedia.org/wiki/Parkinsonism
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seminal work ‗An Essay on the Shaking Palsy‘, describing the characteristic resting tremor, the 

abnormal posture and gait, paralysis and the diminished muscle strength in six cases (Parkinson 

1817).  In the second half of the nineteenth century, Jean-Martin Charcot pioneered in making 

the distinction between rigidity, weakness and bradykinesia, and further suggested the disease to 

be renamed in honor of James Parkinson (Charcot 1872).  

 

Prevalence of PD in industrialised countries is generally estimated at 0,3% of the entire 

population with rates increasing to 1% to 2% and 4% to 5% for persons over age 65 and over 

85, respectively (de Lau and Breteler 2006, Lang and Lozano 1998, Kowal et al. 2013).  

According to Zhang and Román (1993), with the exception of China, Japan and Africa, which 

have the lowest prevalence ratios, the actual prevalence variation for PD in geographically 

diverse populations is relatively low. However, ratios may be significantly influenced by local 

environmental risk factors.  Five to ten percent of patients displays initial symptoms of PD 

between ages 21 and 39 (young-onset PD) (Bhidayasiri and Tarsy 2012). The significantly 

higher incidence of PD in men than in women has been attributed to the neuroprotective effects 

of estrogens, the higher frequency of intensity of occupational toxin exposure as well as of 

minor head trauma in men, and to recessive susceptibility genes on the X chromosome 

(Saunders-Pullman 2003, Wooten et al. 2004). 

 

2.2. Clinical Signs and Symptoms  

 

Resting tremor is the most easily recognized motor symptom of PD, occurring at a frequency of 

3-8 Hz in the distal part of an extremity and disappearing with action or during sleep (Jankovic 

2008). James Parkinson described tremor as ‗involuntary tremulous motion, with lessened 

voluntary muscular power, in parts, not in action…‘ (Parkinson 1817). Resting tremor is 

substantially differentiated from ET. About 69% of patients with PD demonstrate rest tremor at 

disease onset, 75% have tremor during the course of the disease, while tremor vanishes in 9% of 

patients in late-stage disease (Hughes et al. 2001). In addition to resting tremor, postural tremor 

may also occur in patients with PD (Jankovic et al. 1999). 

 

Bradykinesia refers to the slowness of a performed movement or prolonged reaction time to 

initiate a movement (Hallett and Khoshbin 1980) and is often used as a synonym of akinesia 

and hypokinesia, despite certain differences in the meaning of these terms. Specifically akinesia 

refers to a reduction in the amount of spontaneous or associated movements and to freezing, 

while hypokinesia refers to the performance of slow and small movements. Difficulty in 

sustaining complex movements, i.e. repetitive, sequential or simultaneous movements, is a 

further characteristic of bradykinesia in PD (Agostino et al. 1994, Benecke et al. 1986, Scwab et 

http://en.wikipedia.org/wiki/Jean-Martin_Charcot
http://www.ncbi.nlm.nih.gov/pubmed?term=Rom%C3%A1n%20GC%5BAuthor%5D&cauthor=true&cauthor_uid=8272179
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al.1954). Notably, while in PD bradykinesia may coexist with akinesia and hypokinesia, in  

dystonia and in Huntington‘s disease bradykinesia occurs in conjunction with hyperkinesia. 

Muscle weakness, rigidity, tremor, movement variability and bradyphrenia may contribute to  

bradykinesia in PD (Berardelli et al. 2001). Bradykinesia can be assessed through finger 

tapping, hand gripping or hand pronation-supination (Jankovic 2008, Kühn et al. 2008). It has 

been reported that bradykinesia is the motor manifestation of  PD that correlates best with the 

degree of nigrostriatal dopaminergic deficiency (Vingerhoets et al. 1997). 

 

Rigidity is defined as an increase in muscle tone and enhanced resistance to passive movements 

(Broussolle et al. 2007). It may occur proximally (neck, shoulders) or distally (ankles, wrists) 

(Jankovic 2008). Two types of parkinsonian rigidity exist: the leadpipe rigidity that is uniform 

throughout the entire movement and the cog-wheel rigidity that is regularly interrupted at the 

frequency of resting or postural temor (Broussolle et al. 2007). Rigidity was first recognized by 

Charcot (Charcot 1872) (figure 2.1) and further investigated at the beginning of the twentieth 

century by Negro, Moyer and Froment (Negro and Treves 1901, Moyer 1911, Froment and 

Gardere 1926). The ‗Froment maneuver‘ facilitates the detection of rigidity through a voluntary 

movement of the contralateral limb (Froment and Gardere 1926a, Froment and Gardere 1926b). 

Shoulder pain is a clinical manifestation of PD associated with rigidity (Stamey and Jankovic 

2007).            

 

Postural instability, or impaired balance, can be present at early stages of untreated idiopathic 

PD, but becomes inevitably more prevalent with disease progression (Kim et al. 2013). In the 

Sydney Multicentre Study of Parkinson‘s disease, 34% of  patients demonstrated postural 

instability within 2 years of diagnosis (Hely et al. 1989), while symptom manifestation was 

reported in 71% of the surviving patients within 10 years of diagnosis (Hely et al. 1999) and in 

92% of the surviving patients within 15 years of diagnosis (Hely et al. 2005). Principally, 

postural instability along with freezing of gait are the motor manifestations of PD that are least 

responsive to dopaminergic medication and have been characterized as risk factors for PD 

dementia and falls, hence constituting two of the most disabling features of the disease (Müller 

et al. 2013, Plotnik et al. 2011, Kim et al. 2013, Bloem et al. 2004). It has been suggested that 

non-dopaminergic mechanisms, like increased neocortical b-amyloid deposition, even at low-

range levels, are associated with higher severity of postural instability and cognitive impairment 

(Müller et al. 2013). Long latency to onset, but not duration, of recurrent falls is a characteristic 

with significant diagnostic validity, as it differentiates PD from other neurodegenerative 

disorders, such as progressive supranuclear palsy (PSP), multiple system atrophy (MSA), 

dementia with Lewy bodies (DLB), and corticobasal degeneration (CBD) (Wenning et al. 

1999). 
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Figure 2.1. Neurologist Jean-Martin Charcot (1825-1893)  

 

Freezing of gait is a form of akinesia typically manifested as a sudden and transient inability to 

initiate walking or to continue to move forward (Jankovic 2008, Bloem et al. 2004). Schaafsma 

et al (2003) described five subtypes of freezing: start hesitation, turn hesitation, hesitation in 

tight quarters, hesitation upon reaching a destination and hesitation in an open runway.Most 

freezing of gait episodes last less than 10 seconds, however with disease progression they 

become more frequent and disabling, and a greater risk factor for falls (Bloem et al. 2004). 

Levodopa helps in reducing the frequency and duration of off- but not on- related  

freezing of gait episodes (Schaafsma et al. 2003). About 47% of patients experience freezing 

regularly, while patients with the tremor dominant form of PD are likely to experience freezing 

less frequently (Macht et al. 2007). 

 

 Other postural deformities include rigidity of the neck and trunk (axial rigidity) (Jankovic 

2008). Striatal hand represents an abnormal hand posture in PD, unresponsive to medication 

treatment (Spagnolo et al. 2014) (figure 2.2). Camptocormia, is a condition characterized by the 

extreme forward flexion of the thoracolumbar spine, which increases during walking and abates 

in the sitting and recumbent positions. In addition to PD, other causes of camptocormia include 

dystonia, myasthenia gravis, amyotrophic lateral sclerosis and extensor truncal myopathy (Sakas 

et al. 2010). 

 

Other motor abnormalities include dysarthria, hypophonia, dysphagia and sialorrhoea, neuro-

ophthalmological abnormalities and respiratory disturbances (Hoehn and Yahr 1967, Jankovic 

2008). Many of these complications are equally or more disabling than the cardinal motor 

symptoms. 

 

Non-levodopa responsive non-motor symptoms dominate the clinical picture of advanced PD, 

and have been classified among its most disabling features (Hely et al. 2005). Non-motor 

symptoms include sleep disturbances, cognitive and neuropsychiatric symptoms, autonomic 

dysfunction, and sensory symptoms (Chaudhuri et al. 2006). 
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Figure 2.2. Striatal hand in PD (adapted with permission from Spagnolo et al. 2014) 

 

Sleep disturbances in PD most commonly refer to rapid eye movement (REM) sleep behavioral 

disorder (RBD) and insomnia (Chaudhuri and Schapira 2009). RBD is a form of parasomnia 

characterized by an increase in frightening dream content accompanied by simple or complex 

movements (Schenck et al. 1986). Symptoms of RBD can predate the diagnosis of PD and may 

be associated with degeneration of the pedunculopontine and peri-ceruleal nucleus (Chaudhuri 

and Schapira 2009). Sleep-onset insomnia and sleep-maintenance insomnia are common in PD, 

but their occurrence is highly variable among patients (Gjerstad et al. 2006). 

 

Cognitive decline has been reported to occur in about 84% of patients with advanced PD (Hely 

et al. 2005), while prevalence of dementia in advanced PD ranges from 48%-80% (Hely et al. 

2005, Aarsland et al. 2011). The risk for developing dementia in PD-patients is up to six times 

higher compared to controls (Aarsland et al. 2001). A progressive dysexecutive syndrome, 

hallucinations, attentional deficits and fluctuating cognition characterize the neuropsychological 

profile of PD-related dementia (PDD) (Bosboom et al. 2004).  Age-related neuropathological 

processes, cortical Lewy bodies, degeneration of the nucleus basalis of Meynert, and diseases 

like stroke and AD are correlated with the pathology of PDD (Helly et al. 2005). 

 

Neuropsychiatric symptoms most commonly include depression, anxiety, apathy and 

hallucinations (Chaudhuri et al. 2006, Chaudhuri and Schapira 2009, Gallagher and Schrag 

2012). These symptoms are more common in patients with PDD (Aarsland et al. 2007). 

According to a systematic review on the prevalence rates of depression in PD, the weighted 

prevalence of MDD appears to be about 17%, which is substantial, but less than the prevalence 

rates that are usually quoted (Reijnders et al. 2008). According to the same study the weighted 

prevalence of minor depression is 22% and of clinically significant depressive symptoms 35%. 

In cross-sectional studies, prevalence of anxiety in PD ranges from 20% to 49% (Aarsland et al. 
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2007, Dissanayaka et al. 2010, Negre-Pages et al. 2010, Riedel et al. 2010, Chen Y K et al. 

2010). Generalized anxiety disorder, panic disorder and social phobia are the most common 

subtypes of anxiety in PD (Dissanayaka et al. 2010, Chen Y K et al. 2010). Comorbid 

depression and anxiety before the appearance of motor symptoms has also been reported (Shiba 

et al. 2000).  It is generally considered that depression and anxiety in PD are more than just a 

reaction to the limitations of the disease, as there is evidence for a significant role of  

dysfunctional dopaminergic, serotoninergic, and norepinephrinergic pathways in manifestation 

of these symptoms (Gallagher and Schrag 2012, Remy et al. 2005, Chaudhuri and Schapira 

2009). Apathy has been established as a distinctive feature of PD, whose underlying 

pathophysiological mechanism most probably involves limbic and ventral striatal dopamine 

deficiency (Czernecki et al. 2008) and contributions from cholinergic mechanisms (Gallagher 

and Schrag 2012). Visual hallucinations in PD have been reported to occur in 30-60% of treated 

patients, whereas auditory hallucinations occur more rarely and are almost always accompanied 

by visual hallucinations (Diederich et al. 2005). Moreover, delirium can occur in advanced 

dementia (Chaudhuri et al. 2006). There is no clear association between dopaminergic 

medication and the development of visual hallucinations (Papapetropoulos et al. 2005). 

Impaired visual input, cognitive impairment and impairment of the brainstem-regulated sleep-

wake cycle are considered contributing factors for the development of psychosis in PD 

(Gallagher and Schrag 2012). 

 

Autonomic dysfunction is a key feature in MSA, but occurs with varying severity in PD. The 

prevalence of orthostatic hypotension, bladder dysfunction, constipation, erectile dysfunction 

and hyperhidrosis has been reported to be significantly higher in PD compared with controls 

(Magerkurth et al. 2005).  

 

Sensory symptoms in PD refer to olfactory dysfunction, visual impairment, central pain and 

pain related to motor fluctuations or dyskinesias secondary to dopaminergic treatment 

(Chaudhuri and Schapira 2009). According to the cross-sectional french DoPaMiP survey, about 

39.3% of patients with PD have chronic pain related to PD (Negre-Pages et al. 2008).  

 

2.3. The Hoehn and Yahr Scale, and the Unified Parkinson’s Disease 

Rating Scale (UPDRS)  

 

At present, there exists no single gold standard index to evaluate the severity of the motor and 

non-motor symptoms of PD. Instead, clinically based rating tests are employed. The  
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Hoehn and Yahr Scale was introduced in 1967, classifying disease progression into five stages 

based on the severity of motor impairment and compromised balance/gait (Hoehn and Yahr 

1967). Thereby  the disorder could be charted from  unilateral (Stage 1) to bilateral disease 

without balance difficulties (Stage 2), to bilateral disease with postural instability (Stage 3),to 

severely disabling disease with loss of physical independence (Stage 4), and being wheelchair- 

or bed-bound (Stage 5) (Goetz et al. 2004). This five-point scale was subsequently modified to a 

seven-point scale during the 1990s (Jankovic et al. 1990) (table 2.1). Though over 40 years old, 

the scale continues to be used widely (Zhao et al. 2010). The Unified Parkinson‘s Disease 

Rating Scale (UPDRS) was originally developed in 1987 (version 3.0) evolving into the most 

widely used and tested clinical rating scale for comprehensive evaluation of both motor 

impairment and disability in PD, by virtue of its high internal consistency and inter-rater 

variability, moderate construct validity and stable factor structure (Fahn et al. 1987, Ramaker et 

al. 2002). In 2003, the Movement Disorder Society (MDS) sponsored Task Force for Rating  

Scales in PD suggested the development of an improved version of the UPDRS that would 

retain the strengths of the original version, but would further display a higher sensitivity 

incorporating the assessment of many important non-motor symptoms of PD (Movement 

Disorder Society Task Force on Rating Scales for Parkinson's Disease 2003). This modified 

version, termed the MDS sponsored UPDRS revision (MDS-UPDRS) (Goetz et al. 2007) 

(figure 2.3), successfully passed initial clinimetric testing in a series of over 800 native English-

speaking patients, evolving into the official benchmark scale for PD  (Goetz et al. 2008). 

According to Gallagher et al (2011), the MDS-UPDRS Part I total score has a strong 

relationship with a composite score of validated scales for the non-motor symptoms of PD.  

 

Remarkably, reviews based on the use of the UPDRS or other rating scales to track the 

progression of PD (Post et al. 2007, Marras et al. 2002), or findings based on longitudinal 

follow-up data (Jankovic and Kapadia 2004), have suggested that the rate of progression of the 

disease may be nonlinear. Particularly higher age, postural instability/gait difficulty (PIGD) and 

lack of rest tremor at onset have been associated with a higher rate of disease progression. 

 

2.4. Mortality 

 

An approximately two-fold increased mortality rate (1.3-2.3) among patients with PD compared 

with the general population has been reported by studies referring to cohorts of patients with 

symptom onset after the introduction of the levodopa treatment (de Lau et al. 2005, D‘Amelio et 

al. 2006, Herlofson et al. 2004, Driver et al. 2008). Different methodologies may account for the  
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Table 2.1. Comparison between the original and modified Hoehn and Yahr scale (adapted with 

permission from Goetz et al. 2004) 

Hoehn and Yahr scale Modified Hoehn and Yahr scale 

 
1:Unilateral involvement only usually with 
minimal or no functional disability 

 
1.0: Unilateral Involvement only 
1.5: Unilateral and axial involvement 

2: Bilateral or midline involvement without 
impairment of balance 
 
 

2.0: Bilateral involvement without 
impairment of balance 
2.5: Mild bilateral disease with 
recovery on pull test 

3: Bilateral disease: mild to moderate disability 
with impaired postural reflexes, 
physicallyindependent 

3.0:Mild to moderate bilateral 
disease; some postural instability; 
physically independent 

4: Severely disabling disease; still able to walk 
or stand unassisted 

4.0:Severe disability; still able to 
walk or stand unassisted 

5:Confinement to bed or wheelchair unless 
aided 

5.0:Wheelchair bound or bedridden 
unless aided 

 

 

 

observed rate variability. A systematic review conducted by Ishihara et al (2007) showed that 

life expectancy in PD compared with the general population is reduced for all onset ages but 

this reduction is higher in individuals with young-onset PD: for patients with PD diagnosed 

between age 25 and 39 mean life expectancy was 38 years versus 49 years for the general 

population; for patients with PD diagnosed between age 40 and 64, life expectancy was 21 years 

versus 31 years for the general population and for patients with PD diagnosed at age 65 years or 

above, life expectancy was 5 years versus 9 years. Dementia, PIGD and lack of rest tremor at 

onset are associated with a significantly increased mortality risk (de Lau et al. 2005, de Lau and 

Breteler 2006, Diem-Zangerl et al. 2009). Specifically, the development of dementia is 

associated with a twofold increased mortality risk in PD (Levy G et al. 2002). 

 

2.5. Pathophysiology of Parkinson’s Disease 

 

A hallmark pathologic feature of idiopathic PD is a selective degeneration of neuromelanin-

laden dopaminergic neurons in the SNc (Zigmond and Burke 2002), that project to the striatum, 

but also to other basal ganglia nuclei, such as the external and internal segments of the globus 

pallidus (GPe, GPi, respectively), the subthalamic nucleus (STN), and the substantia nigra pars 

reticulata (SNr) (McIntyre and Hahn 2010). This feature has been correlated with a decrease in 

the level of expression of mRNA encoding the dopamine D1 receptor and an elevation in 

expression of mRNA encoding the dopamine D2 receptor (Gerfen et al. 1990). There is 

evidence pointing to the loss of dopaminergic neurons exclusively within the SNc, as the 

underlying cause of the cardinal motor manifestations of PD, based on 
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Figure 2.3. The Movement Disorder Society - Unified Parkinson‘s Disease Rating Scale (MDS-UPDRS) (Goetz et 

al. 2007) 
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observations that the N-methyl- 4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP), a neurotoxin 

selective for dopamine neurons of the SNc in humans and nonhuman primates, induces the 

development of the full spectrum of motor signs of PD (Langston et al. 1983). The greater 

neuronal loss in the ventrolateral tier (average loss 91%) of the SNc, compared with the medial 

ventral and dorsal tier (average loss 71% and 56%,  respectively) of the nucleus (Fearnley and 

Lees 1991), is specific to PD, and accounts for a more severe loss of dopamine in the caudal 

portions of the putamen. These data suggest that the motor symptoms of PD are for the most 

part a consequence of dopamine loss in the putamen (Kish et al. 1988). Neuronal loss in PD, 

however, is not restricted to dopaminergic neurons, but also to populations of neurons in the 

locus coeruleus, the hypothalamus, the cingulate gyrus and entorhinal cortex, the olfactory bulb, 

sympathetic ganglia and parasympathetic neurons in the gut, as well as to serotoninergic 

neurons of the raphe nuclei and cholinergic neurons of the nucleus basalis of Meynert (Lang and 

Lozano 1998, Zigmond and Burke 2002). These neurodegenerative changes have been 

correlated with the development of the non-motor symptoms of PD (Lang and Lozano 1998, 

Zigmond and Burke 2002). However, there is evidence that a host of active compensatory 

processes serve to delay the onset of motor and non-motor symptoms in PD and that gross 

neurological deficits do not occur until the loss of dopamine is extreme (Zigmond 1997).  

Among the factors that have been implicated in neuronal degeneration in PD are mitochondrial 

dysfunction, oxidative stress, excitotoxins, deficient neurotrophic support, and immune 

mechanisms, probably induced by non-genetic factors in interaction with susceptibility genes 

(Lang and Lozano 1998, de Lau and Breteler 2006). 

 

Another salient pathologic feature of idiopathic PD is the presence of Lewy bodies, 

eosonophilic inclusions that occur in the cytoplasm of selectively vulnerable neurons (Pollanen 

et al. 1993) and the presence of Lewy neurites, thread-like proteinaceous inclusions observed in 

affected brainstem regions, particularly in the dorsal motor nucleus of the vagus (Gai et al. 

1995). Lewy bodies are generally 5 to 25 κm in diameter, with an electron dense granular core, 

a clear halo, and often a targetoid appearance. They are composed of radially oriented 

neurofilaments and are commonly observed in the SN, locus coeruleus, the dorsal motor nucleus 

of the vagus, the nucleus basalis of Meynert, the hypothalamus, but also in the neocortex, 

diencephalon, spinal cord, and peripheral autonomic ganglia (Gibb and Lees 1988). It has been 

hypothesized that formation of Lewy bodies from neurofilament subunits could alter the critical  

structural functions of neurofilaments in axons, leading to a disruption of axonal connections 

from the SNc to the striatum in PD (Lang and Lozano 1998, Trojanowski and Lee 1994). 

Neurofilaments of Lewy bodies in PD are tagged with ubiquitin, an antigen involved in protein 

degradation (Kuzuhara et al. 1988), and aggregates of α-synuclein (Spillantini et al. 1998, 

Spillantini et al. 1997, Mezey et al. 1998, Baba et al. 1998). Both proteins are found in the 
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core of Lewy bodies, but tendrils of synuclein make up the periphery (Mezey et al. 1998). The 

discovery of abnormal accumulations of α-synuclein in Lewy bodies along with the 

identification of mutations in the gene for α-synuclein in familial forms of PD (Polymeropoulos 

et al. 1997, Krüger et al. 1998) have highlighted the central role of this protein in the 

pathogenesis of PD. Notablly, α-synuclein has been identified not only in Lewy bodies of PD, 

but also the Lewy bodies of Hallervorden–Spatz syndrome (Arawaka et al. 1998), AD 

(Hamilton, Lippa), and diffuse Lewy body disease (Baba et al. 1998). In addition to α-synuclein, 

β-synuclein and γ-synuclein have also been implicated in the onset/progression of PD (Galvin et 

al. 1999).  Besides, proteasomal proteins, synphilin, neurofilaments and microtubule-associated 

proteins have been identified within Lewy bodies in PD (Maries et al. 2003).  

 

2.6.  Neurocircuitry of Parkinson’s Disease 

…the basal ganglia can no longer be thought of as an unidirectional linear system that transfers 

information based solely on a firing-rate code. Rather, we propose that the basal ganglia are a highly 

organized network, with operational characteristics that simulate a non-linear dynamic system. 

 

J. Obeso et al (2000) 

 

 

Selective degeneration of heterogeneous populations of neurons in PD has proven to induce 

electrophysiological changes in the basal ganglia, thalamus and cortex. These changes include 

altered firing rates, altered processing of proprioceptive input, increased incidence of burst 

discharges, abnormal oscillatory activity, synchrony and cross-frequency coupling (Galvan and 

Wichmann 2008, Wichmann and DeLong 2002, Bergman and Deuschl 2002, DeLong and 

Wichmann 2009, Rubin et al. 2012, Lopez-Azcarate et al. 2010). Propagation of this abnormal 

activity throughout neural networks of the basal ganglia-thalamo-cortical loops has been 

suggested to be strongly correlated with the cardinal motor symptoms of PD (Bergman and 

Deuschl 2002, Kühn et al. 2009). The significant progress in our understanding of the 

mechanisms underlying the motor abnormalities of PD, through which parkinsonism has 

emerged as a complex network disorder (DeLong and Wichmann 2007), has been achieved on 

the basis of three notable accomplishments: the development of models of the functional 

organization of the basal ganglia (Alexander et al. 1986, Alexander and Crutcher 1990, Penney 

and Young 1986, Albin et al. 1989, DeLong 1990), the discovery that nonhuman primates 

treated with MPTP develop behavioral alterations that closely mimic motor symptoms of PD in 

humans (Burns et al. 1983), and the unique opportunity provided by functional neurosurgery to 

directly record from the human basal ganglia (Brown and Williams 2005).  
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The basal ganglia are a group of functionally related subcortical nuclei that include the 

neostriatum (composed of the caudate nucleus and the putamen), the GPe, the GPi, the STN, the 

SNr, and the SNc. The basal ganglia participate in anatomically and functionally segregated 

loops that subserve the function of the ‗motor‘, ‗associative‘ and ‗limbic‘ cortical areas. The 

striatum and, to a less extent, the STN are the main entries for cortical and thalamic inputs into 

the basal ganglia. The main basal ganglia output nuclei are the GPi and the SNr, that project to 

the ventral anterior and ventrolateral nuclei of the thalamus (VA/VL), which then send efferents 

back mainly to frontal cortical areas (Alexander et al. 1986, Alexander and Crutcher 1990). The 

projections between the striatum and GPi/SNr are thought to be organized into two distinct 

pathways, a monosypatic ‗direct‘ pathway, and a polysynaptic ‗indirect‘ pathway involving the 

GPe and the STN (Alexander and Crutcher 1990, Penney and Young 1986, Albin et al. 1989, 

DeLong 1990). These pathways originate from separate populations of striatal medium spiny 

neurons (MSNs), whose activity is differentially modulated by prominent dopaminergic input 

from the SNc. The direct pathway is an inhibitory projection from MSNs that include 

neuropeptides (substance-P and dynorphin) and dopamine D1-receptors to the GPi/SNr. The 

indirect pathway is a polysynaptic inhibitory projection from MSNs that contain dopamine D2-

receptors and enkephalin to the GPe followed by inhibitory projections between GPe and 

GPi/SNr, either directly or via the glutamatergic STN. The segregation of D1and D2 receptors 

reflects the dual action of striatal dopamine release that over the direct pathway reduces the 

inhibitory output from GPi/SNr, thereby disinhibiting the activity of thalamocortical projection 

neurons and  facilitating movements, and over the indirect pathway increases the inhibitory 

output from GPi/SNr, inhibiting the thalamocortical activity and suppressing movements 

(Gerfen et a. 1990). Eventually, the net effect of dopamine release from the nigrostriatal 

projection is the reduction of basal ganglia output to the thalamus, disinhibiting thalamocortical 

activity, and, through greater activation of the cerebral cortex, facilitating movement 

(Wichmann and DeLong 2002). In addition to the direct and indirect pathways, the hyperdirect 

pathway, a cortico-subthalamic projection, evokes an increase of the basal ganglia output, 

producing the same effect as the indirect pathway, but in significantly less time (Wichmann et 

al. 2011, Nambu et al. 2002) (figure 2.4).  

 

Studies of dopamine-depletion induced metabolic changes in the basal ganglia of MPTP-treated 

non-human primates carried out by Alan Crossman and colleagues demonstrated that 2-

deoxyglucose (2DG) is increased in both pallidal segments (Crossman et al. 1985, Mitchell et 

al. 1989, Scwartzman and Alexander 1985). Subsequent microelectrode recordings of neuronal 

activity showed that MPTP-induced parkinsonism in nonhuman primates is associated with 

reduced spontaneous neuronal activity in the GPe and increased neuronal discharge in the STN 

and GPi, as compared to normal controls (Miller and DeLong 1985, Filion and Tremblay 1991). 
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Analogous studies pointed to reduced basal ganglia output in nonhuman primate models of 

experimentally induced chorea, hemiballism, and dyskinesias (Crossman 1990, Mitchell et al. 

1985). Together, these important early studies gradually led to the development of the ‗rate 

model‘ of the pathophysiology of movement disorders by Albin et al. (1989) and DeLong 

(1990). In this seminal work, firing rate changes observed in basal ganglia nuclei in movement 

disorders are considered to reflect a modulated inhibitory output from the GPi to the thalamus, 

resulting from unbalanced activity in the basal ganglia-thalamo-cortical ‗motor‘ circuit. In 

particular, striatal dopamine depletion leads to increased inhibitory activity over the indirect 

pathway and decreased activity over the direct pathway, resulting in inhibition of the GPe, and 

subsequent disinhibition of the STN and the GPi/SNr. Conversely, decreased output from the 

GPi to the thalamus underlies the manifestation of hyperkinetic disorders. Thereafter, further 

insights into the pathophysiology of PD corroborated the findings of increased neuronal activity 

in the GPi and STN (Bergman et al. 1994, Hassani et al. 1994). Moreover, lesions of the STN or 

GPi were proven to reverse the cardinal motor disturbances of parkinsonism in MPTP-treated 

non-human primates, thereby implicitly supporting the postulated role of excessive activity in 

the GPi and STN in PD (Bergman et al. 1990, Wichmann et al. 1994(b), Aziz et al. 1991, Guridi 

et al. 1996). Despite these breakthroughs, however, the main assumptions and predictions of the 

classical Albin-DeLong rate model were contradicted by a number of additional observations, 

including evidence that GPe or thalamic lesions may not consistently induce parkinsonism 

(Soares et al. 2004, Marsden and Obeso 1994), and that DBS  may ameliorate parkinsonian 

symptoms by increasing  the GPi output to the thalamus (Hashimoto et al. 2003) or by 

suppressing pathological synchronization (the ‗noisy signal‘ hypothesis) (Brown and Eusebio 

2008), suggesting a pivotal role of additional contributing factors in the development of the 

behavioral manifestations of PD .  

 

One of the most prominent pattern abnormalities in MPTP-treated nonhuman primates and in 

patients with PD is a greater incidence of burst discharges in the GPe, STN,GPi, SNr, and basal 

ganglia-receiving areas of the thalamus compared to the physiological state (Miller and DeLong 

1987, Filion and Tremblay 1991, Wichmann et al. 1999, Wichmann and Soares 2006, Bergman 

et al. 1998, Hutchison et al. 2004, Magnin et al. 2000), observed early in the course of dopamine 

depletion (Ni et al. 2001, Vila et al. 2000, Breit et al. 2007) (figure 2.5(a)).  Post-inhibition 

rebound bursting due to dopamine depletion, demonstrated to occur in the GPe, GPi, STN, and 

thalamic neurons (Bevan et al. 2006, Bevan et al. 2007, Shen and Johnson 2005, Beurrier et al. 

1999, Cooper and Stanford 2000, Gillies et al. 2002), and modulation of the function of the 

STN-GPe ‗pacemaker‘ (Plenz nad Kitai 1999) are considered the main physiological 

mechanisms underlying the development of neuronal burst firing in PD. 
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Figure_2.4._Detailed schematic of the sensorimotor network (adapted with permission from Johnson et 

al. (2008)) 
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Secondly, the presence of abnormal oscillatory activity in single neurons of the basal ganglia, 

thalamus and cortex, particularly in the alpha (~4-8Hz) and beta (~11-30Hz) frequency bands, 

has been documented based on microelectrode recordings obtained during DBS surgery for PD 

(Levy et al. 2000, Weinberger et al. 2006, Moran et al. 2008), and MPTP-treated nonhuman 

primates (Bergman et al. 1994, Rivlin-Etzion et al. 2006, Raz et al. 2000). Furthermore, in local 

field potential (LFP) recordings, considered to reflect the synaptic input to a large neuronal 

population (Logothetis 2002), prominent beta oscillatory activity in the STN and GPi of patients 

with PD undergoing functional neurosurgery has also been demonstrated (Brown et al. 2001). 

LFP recordings are either obtained intraoperatively from microelectrodes or postoperatively 

from DBS macroelectrodes, in the interval between implantation and subsequent connection to a 

subcutaneous stimulator (Brown and Williams 2005). According to Brown et al (2001), who 

originally assessed LFP recordings from the STN and GPi in patients with PD (therein referred 

to under the term ‗local potentials‘ (LPs)), beta oscillatory activity in these nuclei is reduced by 

levodopa treatment, whereas gamma-band (>30Hz) oscillatory activity is increased (figure 

2.5(b)). This latter finding is in agreement with evidence that the degree of pallidal gamma 

oscillations is positively correlated with basal ganglia control of motor performance (Brücke et 

al. 2012). Further studies have corroborated the presence of abnormal oscillatory activity in PD 

based on LFP recordings obtained either intra- or postoperatively (Weinberger et al. 2006, 

Moran and Bar-Gad 2010, Kühn et al. 2004, Kühn et al. 2005, Kühn et al. 2008, Kühn et al. 

2009, Pogosyan et al. 2006 ). Remarkably, the LFP spectrum at rest may be characterized by a 

‗signature‘ rhythm for an individual with PD (Tsirogiannis et al. 2009). Despite data that 

abnormal oscillations do not develop in the early phase of parkinsonism (Leblois et al. 2007), 

the existence of a possible correlation between alpha- and beta-band oscillatory activity and 

specific motor and non-motor manifestations in PD has been well documented. In this regard, it 

has been reported that anticholinergics, which fail to treat bradykinesia, but can ameliorate 

rigidity and tremor, do not suppress beta LFP activity in the STN of patients with PD. This 

implies that dopaminergic suppression of beta oscillatory activity is selective and may be linked 

to bradykinesia, but not to tremor (Priori et al. 2004, Brown and Williams 2005). This 

assumption has been validated and extended by further studies that have reported a positive 

correlation between treatment-induced suppression of beta oscillatory activity in the STN and 

improvement in both bradykinesia and rigidity, but not tremor (Kühn et al. 2006, Kühn et al. 

2008, Kühn et al. 2009, Ray et al. 2008). Additionally, it has been proven that the complexity of 

LFPs in the beta-frequency band correlates negatively with bradykinesia and rigidity in 

untreated patients (Chen C C et al. 2010), and that 10- or 20-Hz DBS stimulation of the STN in 

patients with PD results in deterioration of akinesia/bradykinesia (Timmermann et al. 2004, 

Timmermann and Florin 2012, Chen C C et al. 2007). On the other hand, though parkisonian 

tremor may not be strictly correlated with  
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Figure 2.5.  (a) Extracellular electrophysiologic recordings in the GPe, STN, and GPi of normal and 

MPTP-treated non-human primates.  Each data segment is 5 s in duration (reproduced with permission 

from Galvan et al. 2008). (b) First report on the assessment of LFP recordings from the STN and Gpi of 

patients with PD (reproduced with permission from Brown et al. 2001). Autospectra of STN LP power 

(A, B) coherence spectra between STN and GPi (C, D), and respective phase spectra (E, F) after 

withdrawal (A, C, E) or reinstitution (B, D, F) of levodopa treatment. Data pooled from records at rest in 

four patients with PD. 
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oscillations in basal ganglia networks (Rivlin-Etzion et al. 2006, Wichmann and DeLomg 

2002), oscillatory activity in the alpha and theta frequency ranges appears to play an efferent 

role in rest tremor generation (Levy et al. 2000, Levy R et al. 2002 (a), Hurtado et al. 1999, Raz 

et al. 2000, Bergman et al. 1994, Contarino et al. 2011, Tass et al. 2010). Last, the development 

of certain dopaminergic-mediated motor or behavioral abnormalities, namely dyskinesias and 

impulse control disorders, has been reported to be significantly correlated with 4-10Hz 

oscillations in the STN of patients with PD (Alonso-Frech et al. 2006, Rodriguez-Oroz et al. 

2010). The presence of abnormal oscillatory activity in basal ganglia neurons or neuronal 

populations may be attributed to the interplay in the STN-GPe network (Tsirogiannis et al. 

2009, Pavlides et al. 2012, Galvan and Wichmann 2008, Nevado Holgado et al. 2010).   

 

Closely related to the incidence of burst and oscillatory discharges, is the marked change in the 

synchronization of discharge of basal ganglia and thalamic neurons in the parkinsonian state, 

thought to reflect a breakdown of functional segregation in the basal ganglia-thalamo-cortical 

circuitry (Levy et al. 2000, Raz et al. 2000, Moran et al. 2008, Moran and Bar-Gad 2010, 

Weinberger et al. 2006, Hammond et al. 2007, Terman et al. 2002, Heimer et al. 2002, Goldberg 

et al. 2010, Bergman et al. 1994, Bergman and Deuschl 2002, Pessiglione et al. 2005).  This is 

in contrast to the virtual absence of correlated activity between these neurons under normal 

conditions (Wichmann et al. 1994(a), Nini et al. 1995, Heimer et al. 2002, Raz et al. 2000, Bar-

Gad et al. 2003). LFPs are considered a surrogate marker of synchronization of neuronal 

discharge within and between basal ganglia nuclei (Brown et al. 2001). Thereupon, beta-band 

oscillatory synchronization has been reported in the STN of patients with PD (Levy R et al. 

2002 (b), Weinberger et al. 2006, Moran and Bar-Gad 2010, Kühn et al. 2005). Interestingly, in 

the same studies it is further suggested that neuronal discharges in the STN of patients with PD 

are locked to beta oscillatory activity in the LFPs, thereby pointing to an even stronger 

biomarker of pathological synchronization. Moran et al (2008) and Moran and Bar-Gad (2010) 

have originally introduced the term ‗background unit activity‘ considered to reflect spiking 

activity of small localized subpopulations, in order to estimate the degree of coherence between 

the respective signal and single-unit activity or LFPs, and thereby to optimally evaluate 

synchronization in the STN of patients undergoing functional neurosurgery for PD. Treatment-

induced modulation of pathological patterns of synchronized oscillations in the STN of patients 

with PD, specifically the suppression of beta oscillatory activity, has been correlated with 

improvement in bradykinesia and rigidity (Kühn et al. 2008, Eusebio et al. 2010), while a direct 

association between finely tuned oscillatory synchronization in the beta frequency band and 

motor impairment in PD has also been reported (Kühn et al. 2009, Pogosyan et al. 2006). In 

addition, there is a substantial body of evidence that the degree of synchronization of 

subthalamic nucleus activity in the beta frequency band is strongly involved in motor 
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programming, movement initiation and REM sleep (Levy R et al. 2002 (b), Williams et al. 

2010, Cassidy et al. 2002, Doyle et al. 2005, Kühn et al. 2004, Joundi et al. 2012, Jenkinson and 

Brown 2011, Tzagarakis et al. 2010, Foffani et al. 2005, Androulidakis et al. 2008 (a), 

Amirnovin et al. 2004, Urrestarazu et al. 2009). Striatal dopamine depletion has been suggested 

as an underlying cause of pathological synchronization in the basal ganglia in PD, on the basis 

of the observation that dopaminergic medication reverses abnormal synchrony in MPTP-treated 

nonhuman primates and patients with PD (Heimer et al. 2002, Levy et al. 2002 (b), Brown et al. 

2001). Similar to the previous cases, the coupling architecture and dynamic interactions within 

the subthalamopallidal circuit appear to be additional self-sustaining mechanisms for the 

emergence of correlated rhythmic activity in the pathological condition (Terman et al. 2002, 

Tsirogiannis et al. 2009). 

 

Documentation of excessive and unselective neuronal responses to passive joint manipulation in 

the STN, GPi and thalamus of patients with PD, raises the hypothesis that a loss of functional 

segregation in the basal ganglia-thalamo-cortical circuitry and the disinhibition of competing 

motor mechanisms underlie the core signs of parkinsonism (Mink 1996).  In particular, studies 

on movement-related neuronal activity based on microelectrode recordings in the basal ganglia 

or the thalamus of MPTP-treated nonhuman primates, demonstrated an increase in number, 

amplitude and non-specificity of movement-related responses, compared with the normal 

untreated state (Filion et al. 1988, Bergman et al. 1994, Boraud et al. 2000, Pessiglione et al. 

2005, Leblois et al. 2007).  

 

Last, special reference should be made to the pathophysiological changes observed outside the 

basal ganglia-thalamo-cortical network, specifically in the PPN. The PPN is a component of the 

reticular formation located at the junction of the midbrain and pons (Olszewski and Baxter 

1954) involved in the processing of gait (Piallat et al. 2009).  It has been suggested that factors 

including disruption of the extensive interconnections between this brainstem region and the 

basal ganglia or the spinal cord, along with significant degeneration of cholinergic PPN neurons 

are associated with postural instability and gait dysfunction in PD (Pahapill and Lozano 2000, 

Mena-Segovia et al. 2004, Nandi et al. 2002, Rinne et al. 2008, Karachi et al. 2010). 

Furthermore, it has been demonstrated that administration of levodopa strongly promotes 

oscillatory synchronization in the alpha frequency band, in the PPN of patients with PD 

(Androulidakis et al. 2008 (b), Androulidakis et al. 2008 (c), Fraix et al. 2013), while 

attenuation of this oscillatory activity has been associated with gait freezing (Thevathasan et al. 

2012, Fraix et al. 2013). Thus, synchronization in the alpha frequency band in the PPN area may 

represent a physiological pattern of activity substantially correlated with regulation of 

locomotion. 
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2.7. Current and Projected Economic Burden in the USA 

 

The progressive nature of PD, with respect to the severity of both motor and non-motor 

disabilities, exerts a major negative impact on activities of daily living and health –related 

quality of life (Rahman et al. 2008). Absence of pharmacological interventions with enduring 

disease-modifying properties, along with an increasing longevity and ageing population, 

translates into a substantial and growing economic burden on patients, care-givers and the 

healthcare system, due to both medical (direct) and non-medical (indirect ) costs (Chen J J 

2010) (figure 2.6). Medical (direct) costs mainly refer to expenditures on hospitalization, 

nursing home care and pharamaceutical therapies, whereas non-medical (indirect) costs 

principally refer to economic costs due to reduced employment, workdays lost because of 

illness, reduced household income, higher disability payments, adult day or formal care, and 

household expenditures (Kowal et al. 2013, Huse et al. 2005, Zhao et al. 2013, O‘Brien et al. 

2009). According to Kowal et al (2013), the national economic burden of PD in the United 

States exceeded $14.4 billion in 2010 (approximately $22,800 per patient), $8.1 billion higher 

($12,800 per capita) than expected for a population without PD. Indirect costs were estimated at  

$6.3 billion (approximately $10,000 per patient).Nursing home care was found to be a major 

medical cost, whereas reduced employment a major indirect cost of PD. Disease prevalence and 

economic burden are projected to increase considerably over the next decades (Dorsey et al. 

2007, Kowal et al. 2013). Therefore, there is an urgent need for continuous refinement of 

treatment interventions to slow or disrupt the progression of motor and nonmotor disabilities in 

PD (Chen J J 2010). 

 

2.8. Nonsurgical Management 

 

Despite steady advances, no neuroprotective or disease-modifying therapy has yet been 

established (Rascol et al. 2011, Meissner et al. 2011).The revolutionary introduction of 

dopamine precursor levodopa (L-dopa) for the treatment of parkinsonism, more than forty years 

ago (Cotzias et al. 1969), clearly set the stage for the use of this pro-drug as a gold standard for 

symptomatic treatment of PD. Nonetheless, since dopaminergic dysfunction is not an exclusive 

underlying pathophysiologic mechanism of PD, certain motor manifestations, including gait 

impairment and postural instability, as well as the majority of non-motor manifestations (table 

3.1) cannot be effectively treated with levodopa monotherapy (Post et al. 2011, Gallagher and 

Schrag 2012). Essentially, these symptoms constitute the most disabling long-term problems in 

PD (Hely et al. 2005). Moreover, levodopa-related motor complications, particularly motor 

fluctuations (wearing-off episodes) and dyskinesias, are experienced by approximately 40% of 

the patients within 4-6 years after starting levodopa therapy (Fahn 1999, Rascol et al. 2011, 
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Figure_2.6.  Medical costs of PD over time, including self/family (dark brown), commercial (grey), 

public (green) and Medicaid (light brown) costs (adapted with permission from Kowal et al. 2013). 

 

 

Ahlskog and Muenter 2001). Several lines of evidence indicate that younger patients have a 

higher risk of levodopa-induced dyskinesias (Warren Olanow 2013, Jankovic and Poewe 2012). 

The above limitations emphasize the need for improved pharmacologic options and therapeutic 

strategies individualized to the patient‘s particular needs, age and other characteristics (Brichta 

et al. 2013, Jankovic and Poewe 2012, Fox et al. 2011, Seppi et al. 2011).  

 

Inhibitors of monoamine oxidase type B (MAO-b) have received renewed attention over the last 

decade, based on a possible neuroprotective and disease-modifying effect of rasagiline and its 

implication in numerous mitochondrial mechanisms (Jenner and Langston 2011). Symptomatic 

therapy with MAO-b inhibitors is considered necessary for the treatment of PD in early stages 

(Jankovic and Poewe 2012) (figure 3.1(a)). Early monotherapy with dopamine receptor 

agonists, like pramipexole, ropinirole and rotigotine, provides sufficient symptomatic benefit 

over periods of up to 5 years and a significantly reduced risk of motor complications compared 

with levodopa (Fox et al. 2011, Brichta et al. 2013, Antonini et al. 2009).  This fact suggests 

that dopamine agonists could be used in order to delay levodopa therapy in young patients with 

PD (Jankovic and Poewe 2012). However, compared with levodopa, dopamine agonists are 

associated with a higher incidence of dopaminergic adverse effects such as edema, somnolence, 

hallucinations and impulse control disorder (Antonini et al. 2009). Therefore, levodopa may be 

appropriate as an early symptomatic therapy in elderly patients who are more susceptible to 

neuropsychiatric side effects of dopamine agonists  
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(a) 

 

(b) 

 

Figure 2.7. Suggested guidelines for the treatment of (a) early to advanced staged PD and (b) levodopa-

related motor fluctuations and dyskinesias. DA, dopamine; DAT,dopamine transporter; DBS, deep brain 

stimulation; MAO, monoamine oxidase; VMAT2, vesicular monoamine transporter type 2. COMT, 

catechol-Omethyl transferase; CR, controlled release; DA, dopamine; ER, extended release; GPi, globus 

pallidus interna; MAO, monoamine oxidase; STN, subthalamic nucleus (reproduced with permission 

from Jankovic and Poewe 2012). 
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(Jankovic and Poewe 2012). With disease progression, however, dopamine diffusion 

extracellularly and its catabolism by MAO and catechol-O-methyl transferase (COMT) might 

trigger the manifestation of motor complications (Troiano et al. 2009). Adjunctive therapy for 

the control of motor fluctuations in levodopa-treated patients with advanced PD is principally 

based on COMT or MAO-b inhibitors, dopamine agonists, duodenal infusions of levodopa, and 

apomorphine (Brichta et al. 2013, Jankovic and Poewe 2012, Fox et al. 2011, Talati et al. 2009), 

while amantadine, an N-methyl-D-aspartate (NMDA) receptor antagonist,  is so far the only 

approved compound providing a durable, yet modest, antidyskinetic benefit (Gottwald and 

Aminoff 2011) (figure 3.1 (b)). Notably, clinical efficacy of amantadine is being evaluated for 

the therapy of gait abnormalities (Chan et al. 2013, Lee et al. 2013). 

 

Non-motor symptoms of PD, although frequently under-reported, are highly debilitating in 

advanced PD and exert significant impact on health-related quality of life (Politis et al. 2010, 

Rahman et al. 2008). The pathogenesis of some non-motor symptoms in PD is likely to differ 

substantially from non-PD patients (Gallagher and Schrag 2012). Therefore the development of 

disorder-specific management strategies is highly important (table 3.1). To date, efficacy of 

dopamine agonist pramipexole for the treatment of depressive symptoms, clozapine for the 

treatment of psychosis and rivastigmine for the treatment of dementia in PD has been well-

established (Seppi et al. 2011). Evidence for the efficacy of repetitive transcranial magnetic 

stimulation (rTMS) for the treatment of depression or depressive symptoms in PD remains 

inconclusive (Seppi et al. 2011, Gallagher and Schrag 2012). 

 

Gene therapy refers to the delivery of therapeutic proteins to a target region. The safety and 

efficacy of bilateral, intrastriatal delivery of ProSavin®, a lentiviral vector-based gene therapy 

aiming at restoring dopamine production in patients with advanced PD, has been recently 

corroborated by an open-label study, but further confirmation of these results in double-blind 

trials is required (Palfi et al. 2014). 

 

2.9. Neurosurgery for Parkinson’s Disease 

 

We need to refocus our efforts by exploring new targets, stimulation parameters and paradigms, and 

technology that takes into account the anatomic variations of different targets and begin to explore the 

possibility of targeting locomotor centers and fiber tracts for gait and balance problems associated with 

PD. 

 

J. L. Vitek (2012) 
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2.9.1. Deep Brain Stimulation for Parkinson’s Disease 

 

High frequency deep brain stimulation, as an adjunct to medical management, is an established 

and cost-effective treatment for advanced PD (Fox et al. 2011, Hickey and Stacy 2011, 

Williams et al. 2003, Eggington et al. 2014). Particularly, eligible for this procedure are patients 

with idiopathic, advanced PD who have medically intractable motor fluctuations, intractable 

tremor, or intolerance to medication -related adverse effects and no significant active cognitive 

or psychiatric problems. Surgery should be conducted by experienced multidisciplinary teams 

(Bronstein et al. 2011, Lozano 2012). The STN is generally the preferred target for stimulation 

(Benabid et al. 2009, Schuurman and Bosch 2007, Lozano 2012, Albanese and Romito 2011, 

Oderkerken et al. 2013, Foltynie and Hariz 2010).Significantly higher efficiency of STN-DBS 

for advanced PD versus medical management alone has been documented by large randomized 

controlled studies (Williams et al. 2013, Deuschl et al. 2006, Weaver et al 2009, Okun et al. 

2012). Particularly, STN-DBS has been proven to induce remarkable and long-lasting 

improvement on levodopa-responsive symptoms and tremor, but also to significantly suppress 

dyskinesia and motor fluctuations in patients with advanced PD (Bronstein et al.2011, Castrioto 

et al. 2011 (a), Zibetti et al. 2011, Fasano et al. 2010, Rizzone et al. 2014, Moro et al. 2010, 

Vitek 2012 (a), Sturman et al. 2004, Hamani et al. 2011, Krack et al. 2003). In contrast to 

appendicular signs, however, progression of axial motor signs including levodopa-resistant gait 

impairment and postural-instability remains uncontrolled after STN-DBS surgery (Castrioto et 

al. 2011 (a), Zibetti et al. 2011, Fasano et al. 2010, Rizzone et al. 2014, Moro et al. 2010, Krack 

et al. 2003, Rodriguez-Oroz 2012). Development of non-motor symptoms including a 

significant cognitive decline, incidence of depression or anxiety, and a remarkable decline in 

speech intelligibility, over a long period after STN-DBS, has also been reported (Rizzone et al. 

2014, Zibetti et al. 2011, Tripoliti et al. 2011, Moro et al. 2010, Klostermann et al. 2008, Temel 

et al. 2006 (a), Voon et al. 2006, 2008, Guehl et al. 2006, Krack et al. 2003, Rodriguez-Oroz et 

al. 2012). Rizzone et al (2014) reported that advanced age at disease onset, a high axial subscore 

in the off-condition and the presence of RBD at baseline are associated with a higher risk of 

developing disability over time under STN-DBS. Nevertheless, STN-DBS has proven to be a 

more effective treatment compared with pallidotomy (Esselink et al. 2009). In general, it is 

estimated that less than 5% of patients with PD meet eligibility criteria for STN-DBS, with an 

early stage of disease severity accounting for the largest part of exclusions (Morgante et al. 

2007). Currently, however, two prospective, randomized clinical trials are evaluating the effect 

of STN-DBS at an early stage of PD (Deuschl et al. 2013, Kahn E et al. 2012). The first defines 

patients with early PD as those with recent onset of levodopa-induced motor complications (<3 

years) (Deuschl et al. 2013), while the second includes patients treated with antiparkinsonian 

medications (levodopa or dopamine agonists) for a period greater than 6 months and less than 4  
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Figure 2.8. Main anatomical structures targeted by deep brain stimulation on T2-weighted brain MRI 

(reproduced with permission from Fasano et al. 2012).  

 

years, without initiation of levodopa-induced motor complications (Kahn E et al. 2012). Key 

endpoints of these studies are, on the one hand, the determination of the safety and tolerability 

of STN-DBS in early stage PD and, on the other hand, the corroboration of a possible disease-

modifying effect of stimulation, in light of evidence pointing to a neuroprotective effect of 

STN-DBS (Temel et al. 2006 (b), Harnack et al. 2008, Wallace et al. 2007, Spieles-Engemann 

et al. 2010, deSouza et al. 2013, Albanese and Romito 2011). Furthermore, unilateral STN-DBS 

has been suggested to improve contralateral motor symptoms in PD and provide an alternative 

to bilateral stimulation, specifically for patients with pronounced asymmetry (Alberts et al. 2008 

(a), Alberts et al. 2008 (b), Castrioto et al. 2011(b), Walker et al. 2009, Brun et al. 2012) and for 

elderly patients, since it seems to be associated with a lower degree of cognitive complications 

(Slowinski et al. 2007).  

 

With respect to alternative targeting options (figure 3.2), bilateral stimulation of the GPi has 

also been established as an adjunctive treatment to medical therapy for advanced PD  

 (Fox et al. 2011), and proven to be equally efficacious for the control of motor symptoms, 

dyskinesia and motor fluctuations as STN-DBS (Anderson et al. 2005, Oyama et al. 2012, Follet 

et al. 2010, Moro et al. 2010, Oderkerken et al. 2013, Bronstein et al. 2011).  However, GPi-

DBS seems to be associated with a lower long-term decline in postural instability and gait 
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disability (George et al. 2010, Burchiel et al. 1999) and a lower degree of speech impairment 

than STN-DBS (Robertson et al. 2011). On the other hand, in contrast to pallidal stimulation, 

dopaminergic medication is substantially reduced after STN-DBS, albeit this is correlated with a 

higher incidence of treatment-related adverse effects (Moro et al. 2010, Follet et al. 2010). 

Eventually, target selection should be tailored to an individual patient‘s needs (Williams et al. 

2014). There is also some evidence pointing to GPe as a potential therapeutic target for DBS in 

the treatment of PD (Vitek et al. 2004, Vitek et al. 2012 (b)). Medication-resistant tremor in PD 

can be equally effectively treated with unilateral thalamotomy or DBS of the thalamic 

ventrointermediate nucleus (Vim) (Schuurman et al. 2008, Fox et al. 2011). Besides, DBS of the 

posterior subthalamic area or the caudal zona incerta (cZi) is generally safe and effective for the 

treatment of tremor-dominant PD (Blomsted et al. 2010, 2012, Plaha et al. 2006, Fytagoridis 

and Blomstedt 2010).  Stimulation of the pedunculopontine tegmental nucleus (PPTg) at low 

stimulation frequencies (10-70 Hz) has been consistently stated to significantly improve 

levodopa-resistant gait disturbances, including freezing of gait, and postural instability, as well 

as oromotor movements in patients with PD (Mazzone et al. 2005, 2012, 2014, Plaha and Gill 

2005, Stefani et al. 2007, Moro et al. 2010, Thevathasan et al. 2010, Hamani et al. 2011, 

Benabid and Torres 2012, Pereira et al. 2011) (figure 3.3). However, criteria for patient 

selection and subtle differences in target location may in some cases have accounted for a less 

favorable evaluation (Ferraye et al. 2010, Mazzone et al. 2011). Interestingly, Stefani and 

colleagues have reported on an ameliorative effect of 25 Hz PPTg-DBS on RBD and cognitive 

symptoms of PD (Stefani et al. 2009, 2010). On the other hand, however, the same surgery has 

been recently associated with a marked deterioration of speech intelligibility (Pinto et al. 2014).  

 

Given the incomplete effectiveness and risks of unifocal DBS as a treatment option of advanced 

PD, new strategies, related to combined multifocal DBS targeting, are emerging as promising 

alternative options (Vingerhoets et al. 1997). Within this framework, PPN-DBS in combination 

with either STN-DBS,cZi-DBS or pallidal DBS has been shown to induce significant 

cumulative improvement of axial and appendicular motor symptoms of PD (Stefani et al. 2007, 

Schrader et al. 2013, Kahn S et al. 2012) (figure 3.4). In addition, recent studies suggest a 

possible significant effect of concomitant STN/SNr stimulation on freezing of gait (Weiss et al. 

2011, 2013).  Furthermore, the possible improvement of both motor and cognitive symptoms of 

PD based on tandem DBS, involving, in addition to STN (or GPi)-DBS, stimulation of the 

fornix /hypothalamus, has been recently suggested (Uitti 2012). Several years before, Freund et 

al (2009) reported on a case of concomitant STN-DBS and stimulation of the nucleus basalis of 

Meynert in a patient with PDD, whereby marked amelioration of cognitive impairment was 

observed.  
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In relation to other types and symptoms of parkinsonism, STN-DBS for spinocerebellar ataxia 

type 3 (Freund et al. 2007), unilateral thalamic DBS for benign tremulous parkinsonism (Savica 

et al. 2011) and PPN-DBS for primary progressive freezing of gait (Wilcox et al. 2010) have 

also been reported, while the optimal target for the treatment of camptocormia in PD has yet to 

be defined (Capelle et al. 2011, Lyons et al. 2012). 

 

2.9.2. Surgical and Hardware Complications of Deep Brain Stimulation           

          

Despite the continuous development of DBS systems, rates of surgical procedure - and  

hardware - related adverse effects are still relatively high, constituting a major shortcoming of 

this therapy option (Shih and Tarsy 2011, Burdick et al. 2010, Lozano 2012, Morishita et al. 

2013, Vergani et al. 2010, Chan et al. 2009,  Rezai et al. 2006) (figure 3.5).  Surgical-procedure 

related complications most frequently include intracranial hemorrhage, permanent neurological 

deficit or death (Zrinzo et al. 2011, 2012, Voges et al. 2007, Favre et al. 2002), while cases of  

intraoperative agitation, epileptic seizure, respiratory distress, postoperative psychosis and 

neuroleptic malignant syndrome (NMS) have also been reported (Boviatsis et al. 2010). 

Hardware-related complications are defined as those related to the implanted leads, the 

extension wire or the IPG, i.e. infection and/ or skin erosion, electrode breakage, electrode 

impendance increment, lead migration or displacement and stricture formation (Boviatsis et al. 

2010, Pepper et al. 2013, Oh et al. 2002, Guridi et al. 2012, Linchares et al. 2013). Surgical 

procedure- and hardware-related adverse effects are observed in about 5.6% and 9% of patients, 

respectively (Vergani et al. 2010, Hamani et al. 2004). In addition, in about 19% of patients 

stimulation-related adverse effects, such as paraesthesias, dysarthria, and motor contractions are 

documented (Hamani et al. 2004). Nonetheless, these are mild and may be reversed by properly 

adjusting stimulation settings. The specific case of post-operative brain edema around DBS 

leads is considered a transient adverse effect with obscure underlying etiopathophysiology 

(Deogaonkar et al. 2011, Morishita et al. 2010). Still, there is evidence pointing to brain tissue 

penetration during hardware insertion as the most conspicuous risk factor (Holloway et al. 

2014). 
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                                                (d)                                                                   (e) 

 

 

Figure 2.9. (a) CT scan images depicting examples of intracerebral hemorrhage following DBS lead 

implantation : intracerebral hemorrhage (A) intraventricular hemorrhage (B) subdural hemorrhage (C) and 

venous infarction (D) (reproduced with permission from Morishita et al. 2010) (b) IPG implantation site 

infection (reproduced with permission from Boviatsis et al. 2010) (c) Erosion of retroauricular skin due to 

implanted DBS system (reproduced with permission from Linhares et al. 2013) (d) Postoperative T1-

weighted MRI showing hyperintense signal due to infection of the right electrode (reproduced with 

permission fromVergani et al. 2010) (e) Axial CT scan without contrast on post-operative day 4 at (a) the 

tip of the electrode showing a large hypodense area (edema) around the left deep brain stimulation 

electrode (reproduced with permission from Deogaonkar et al. 2011). 
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Obsessive-Compulsive Disorder 

 

 

 

 

 

 

 

 

 

 

 A 33-year-old woman presents with a seven-year history of hand washing for two to six hours a day, as 

well as urges to check doors and stoves extensively before leaving her home… 

 

M. A. Jenike (2004) 

 

3.1. Definition, Classification  and Epidemiology 

 

Obsessive-compulsive disorder (OCD) is an heterogeneous, generally chronic psychiatric 

condition with an estimated prevalence of 1- 2.5 % in the general population (Rasmussen and 

Eisen 1992, Sasson et al. 1997, Ruscio et al. 2010, Kessler et al. 2005, Hollander et al. 2005, 

Skoog G and Skoog I 1999, Karno et al. 1998, American Psychiatric Association [APA] 2013). 

Prevalence rates are characterized by a low cross-national variability (Weissman et al. 1994) 

and are almost twice those reported for schizophrenia (Goodman and Wayne 1999). OCD has 

been suggested as the fourth most common mental disorder following substance abuse, phobias 

and major depression (Kaplan et al. 1994), associated with a significant impairment in health-

related quality of life (Hollander et al. 2010), and is considered one of the leading causes of 

years lived with disability in 15-44-year-old individuals (WHO 2001, Murray and Lopez 1996). 
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Although previously classified as an anxiety disorder, the Diagnostic and Statistical Manual of 

Mental Disorders-Fifth Edition (DSM-V) has categorized OCD within a new category of 

Obsessive-Compulsive and Related Disorders (OCRDs) (APA 2013). The mean age of onset of 

OCD is 20 years (Ruscio et al. 2010, Anholt et al. 2014), while onset after the early 30s is very 

rare (Rasmussen and Eisen 1992). Despite an almost even sex distribution, males tend to have 

an earlier age of onset than females.  Particularly, nearly one quarter of males with OCD display 

the condition before age 10 (Ruscio et al. 2010). Juvenile-onset OCD appears to be genetically 

related to tic disorders (Eichstedt and Arnold 2001). Most commonly, onset is gradual, but acute 

onset has also been reported. The majority of patients have a chronic waxing and waning course 

(Rasmussen and Eisen 1992), while about 35% of patients experience an episodic course of the 

disorder with partial or complete remission (Demal et al. 1993). 

 

3.2. Clinical Signs and Symptoms  

 

Obsessional prohibitions involve just as extensive renunciations and restrictions in the lives of those who 

are subject to them as do taboo prohibitions; but some of them can be lifted if  certain actions are 

performed. Thereafter, these actions must be performed: they become compulsive or obsessive acts, and 

there can be no doubt that they are in the nature of expiation, penance, defensive measures and 

purification. The commonest of these obsessive acts is washing in water… 

 

S. Freud (1913) 

 

Principal clinical symptoms of OCD are obsessions that cause marked distress or anxiety, and 

compulsions, the outcome of which is interpreted by patients with OCD as a necessary 

condition for anxiety reduction. Thereby, there exists a dynamic functional relationship between 

obsessions and compulsions that form part of a self-perpetuating cycle (Abramowitz and 

Deacon 2005, Stein 2002, Okasha 2002) (figure 3.1). Obsessions are recurrent mental events, 

like persistent ideas, thoughts, impulses, or images that are experienced as intrusive, and are 

essentially anxiety-evoking (APA 2013). Obsessions have been characterized as egodystonic, 

i.e. in conflict with the patient‘s self-image, contrary to the egosyntonic nature of delusions 

(Denys 2011). In addition, they are unlikely to be related to a real-life problem. Differently, 

most commonly they involve contamination concerns, repeated doubts, an excessive need for 

symmetry or exactness, unwarranted fear about aggressive behavior toward self or others, 

sexual imagery and obsessions related to moral rightness or religion (APA 2013, Heyman et al. 

2006, Leckman et al. 2005). About 80 to 90% of the general population experiences 

unreasonable intrusive thoughts identical to those reported by patients with OCD. 

Notwithstanding, whereas in healthy controls these events can be easily bypassed, in the 
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(b) 

 

Figure 3.1. (a) Seminal work of Janet P, ‗Les obsessions et la psychasthénie‘ 1903 (Janet 1903) and 

Freud S, ‗Totem and taboo: some points of agreement between the mental lives of savages and neurotics’ 

1913 (Freud 1913) (b) Cognitive-behavioural model of OCD (adapted with permission from Abramowitz 

2009). 
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pathological condition intrusive thoughts are evaluated as highly significant (Rachman and 

deSilva 1978, Salkovskis et al. 1997, Abramowitz et al. 2003 (a), Abramowitz 2009). Patients 

with OCD often consider a thought about a negative event synonymous with its occurrence in 

reality (Rachman and deSilva 1978, Amir et al. 2001, Abramowitz and Deacon 2005). 

Compulsions (rituals) are either overt, repetitive stereotyped behaviors or covert (mental) acts in 

which patients engage in order to be temporally relieved by anxiety or distress that accompanies 

an obsession. For example, contamination obsessions and obsessions related to moral rightness 

in OCD may be accompanied by washing and checking compulsions, respectively (APA 2013, 

Parrish and Radomsky 2010, Okasha 2002, Abramowitz and Houts 2005) (figure 3.2). Covert 

compulsions, also referred to as mental rituals or covert neutralizations, include strategies like 

avoidance, concealment, mentally reviewing, excessive reassurance seeking and thought 

suppression, and are considered functionally equivalent to overt compulsions. The occurrence of 

mental rituals invalidates the hypothesis of a ‗pure obsessional‘ subtype (Williams et al. 2011).  

 

3.3. The Diagnostic and Statistical Manual V (DSM-V) and the Yale 

Brown Obsessive-Compulsive  Scale (Y-BOCS)  

 

Superstitions and repetitive checking behaviors are commonly encountered in everyday life. A diagnosis 

of Obsessive-Compulsive Disorder should be considered only if they are particularly time consuming or 

result in clinically significant impairment or distress. 

 

American Psychiatric Association (2013) 

 

The Diagnostic and Statistical Manual of Mental Disorders (DSM) (American Psychiatric 

Association 2013) and the Yale–Brown obsessive compulsive scale (Y–BOCS) (Goodman et al. 

1989 (a), (b)) are well established indices of the presence and severity of OCD symptoms. 

 

According to the DSM, obsessions or compulsions have to provoke significant distress, be time 

consuming (more than 1 hour per day) and lead to functional disability and impairment of the 

patient‘s professional and socioeconomic status. This impairment may be intensified by the 

distracting impact of obsessive intrusions and the tendency of patients to systematically avoid 

objects or situations that provoke obsessions or compulsions. It has been argued that still in the 

newest edition of the DSM (DSM-V; APA 2013) the definition of compulsions focuses on their 

repetitive form instead of their functionality, thereby disregarding the high incidence rate of 

covert compulsive acts or neutralizing strategies (Abramowitz and Jacoby 2014, Shavitt et al. 

2014, Gillan et al. 2014) (figure 3.2). On the other hand, the transition from the DSM-IV to the 

DMS -V has allowed for the introduction
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Figure 3.2.  Symptom dimensions and suggested core affective-motivational dimensions underlying obsessive-compulsive symptom manifestation. Solid curves indicate symptom 

dimensions, while dotted curves indicate the association of affective-motivational dimensions with obsessive-compulsive symptom manifestation. 
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of a distinct dimensional specifier, i.e. a refined definition of global insight into the irrationality 

of obsessions and compulsions, under the rationale to improve the differential diagnosis of the 

clinical presentation of OCD. In particular, this construct facilitates a distinction between 

individuals with excellent, good, fair, poor, and absent/delusional insight (APA 2013). The two 

latter categories are identified with the lowest frequency rates across patients with OCD, yet 

they are associated with a greater symptom severity (Shavitt et al. 2014, Philips et al. 2012, 

Catapano et al. 2010). Particularly, the specifier ‗with poor insight‘ refers to patients that 

maintain that obsessive thoughts or compulsive behaviors are not unreasonable or excessive 

(American Psychiatric Association 2013). 

 

The Y-BOCS was originally designed by Goodman et al (1989 (a), (b)) in order to provide a 

reliable measure of the severity of symptoms of OCD according to the DSM-III, unbiased 

towards the number and the type of obsessions and compulsions present (Frost et al1995, Kim 

et al. 1990, Woody et al. 1995). Nevertheless, it soon became intensely evident that though 

OCD had been diagnostically classified as a unitary nosological entity, symptom manifestation 

of the disorder might be essentially heterogeneous varying within and across patients over time, 

thereby suggesting a multidimensional model of OCD (Mataix-Cols et al. 2005). This evolution 

combined with numerous requests for revision of the original Y-BOCS in terms of the symptom 

checklist content, the content of the item severity scale and the scoring framework (Deacon and 

Abramowitz 2005, Steketee et al. 1996, Federici et al. 2010) led to the formulation of the 

Dimensional Y-BOCS (DY-BOCS) (Rosario-Campos et al. 2006) and eventually the Y-BOCS-

II (Storch et al. 2010). The Y-BOCS-II is intended for use as a semi-structured interview, 

wherein the items depend on the patient's report, but the final rating is based on the clinical 

judgment. More than sixty items are included in the symptom checklist, while the severity scale 

evaluates the degree of impairment in terms of time occupied, functional impairment, mental 

distress, degree of resistance, degree of control, insight, avoidance, indecisiveness, pathologic 

responsibility, slowness and pathologic doubting. Storch et al (2010) have attributed excellent 

psychometric properties to the Y-BOCS-II with respect to the assessment of the presence and 

severity of OCD symptoms. Except Y-BOCS, other scales employed for the diagnosis of OCD 

include the comprehensive psychopathological rating scale (CPRS), the national institute of 

mental health (NIMH)-global obsessive-compulsive scale (GOCS), the clinical global 

impression (CGI) scales, the Brown assessment of beliefs scale, the overvalued ideas scale 

(OVIS) (Okasha 2002) and the global assessment of functioning (GAF) scale. Remarkably, 

however, despite the variety of available diagnostic tools, the level of recognition of outpatients 

with OCD remains substantially low (Wahl et al. 2010).  
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3.4. Potential Dimensions Underlying Heterogeneity of Obsessive-

Compulsive Disorder  

 

In the framework of the symptom-based subtyping of OCD (Baer 1994, Khanna and Mukherjee 

D 1992, Calamari et al. 1999, Abramowitz et al. 2003 (b), Leckman et al. 1997, Mataix-Coils et 

al. 1999, Summerfeldt et al. 1999, 2004; Tek and Ulug 2001, Hantouche and Lancrenon 1996, 

McKay et al. 2004, Abramowitz and Houts 2005, Bjorgvinsson et al. 1997, Murphy et al. 2010) 

and following the classification of  hoarding as a distinct diagnostic entity in the DSM-V, at 

least three symptom dimensions may be eventually considered on grounds of factor analysis: 

symmetry obsessions/ ordering, repeating or counting compulsions, contamination obsessions/ 

cleaning or washing compulsions, and (aggressive, sexual, somatic and religious) 

obsessions/checking compulsions. Miscellaneous obsessions (e.g. the need to know/remember 

details or the fear of not saying just the right thing) have been linked to miscellaneous 

compulsions including cognitive rituals and neutralizing (Summerfeldt et al. 2004). Importantly, 

however, the aforementioned symptom dimensions may exhibit a high degree of overlap, while 

symptom associations may vary significantly (Summerfeldt et al. 1999, 2004). Likewise, 

symptom dimensions are rooted in both distinct and overlapping neural correlates (van den 

Heuvel et al. 2009, Harrison et al. 2012). This implies that the characterization of OCD as a 

phenotypically and etiologically heterogeneous condition cannot be exclusively based on 

symptom-classification schemes.  

 

Toward an alternative approach, harm avoidance and incompleteness have been suggested as 

core affective-motivational dimensions that underlie obsessive-compulsive symptom 

manifestation (Rasmussen and Eisen 1992, Summerfeldt et al. 2014, Ecker et al. 2014(a), Taylor 

et al. 2014) (figure 3.2). Though this refined and structurally validated (Summerfeldt et al. 

2014) dimensional perspective is not addressed in the DSM-V, it might be employed as a key 

etiological substrate for the classification of OCD into the new category of OCRDs, but still 

adjacent to the chapter of Anxiety Disorders (APA 2013). Harm avoidance is associated with 

three-factor analytically types of dysfunctional beliefs including excessive personal 

responsibility and amplified threat estimation, perfectionism and fear of uncertainty, in addition 

to over-control of thoughts (Taylor et al. 2006). Fundamentally, this profile is dominated by 

anxious apprehension and may therefore constitute a common motivational underpinning of 

OCD and anxiety disorders (Summerfeldt et al. 2014, Ecker et al. 2014(a)). Nonetheless, 

specific obsessive-compulsive symptom expressions may not be attributable to harm avoidance 

per se, rather to an inner sense of dissatisfaction and imperfection with respect to perceptions or 

performed actions, an experience pertaining to the broader concept of incompleteness (Janet 
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1903) and commonly characterized by the notion of ‗Not Just Right‘ (NJRE) (Coles et al. 2005). 

Remarkably, there is preliminary evidence for a unique association between incompleteness - 

but not harm avoidance - and symptom severity in OCD (Ecker and Gönner 2008), a fact 

reinforcing the conceptualization of OCD as a non-anxiety disorder in the DSM-V. Based upon 

analysis of a large clinical sample, Ecker and Gönner (Ecker and Gönner 2008) highlighted the 

motivational heterogeneity of checking, which predicted both core dimensions, and further 

pointed to the need for an in-depth assessment of the interplay between the two underlying 

vulnerabilities in compulsive checking behavior. Οn the other hand, unique correlations were 

identified between incompleteness and symmetry/ordering, and between harm avoidance and 

(aggressive, sexual, somatic and religious) obsessions. They could not, however, provide strong 

support for any association between either harm avoidance or incompleteness and neutralizing 

or the contamination/washing dimension.  

 

With respect to the contamination/washing dimension, disgust propensity (the tendency to 

respond with disgust) is emerging as a distinct core dimension significantly and uniquely 

predicting washing compulsions, as opposed to disgust sensitivity (emotional sensitivity 

towards the experience of disgust) that is inclusively linked to anxiety sensitivity (Olatunji et al. 

2011, Goetz et al. 2013).  Further evidence in favor of the existence of this dimension would 

corroborate the prominent role of disgust in the psychobiology of OCD (Stein et al. 2001). Last, 

a fourth affective component is related to deontological guilt, a type of guilt descending from 

the violation of an inner moral rule, as opposed to altruistic guilt. This component appears to 

play a significant role in obsessive-compulsive symptom manifestation, but robust associations 

have yet to be established in the clinical population (Basile et al. 2013, D‘Olimpio and Mancini 

2014). 

 

3.5. Comorbidity in Obsessive-Compulsive Disorder 

 

Severity of OCD has been associated with a highly complex lifetime comorbidity of Axis I and 

II disorders (Hofmeijer-Sevinik et al. 2013, Ruscio et al. 2010, Hollander et al. 2005, Hollander 

et al. 2009, Miguel et al. 2005, O‘Brien and Vincent 2003, Eisen et al. 2004, Masi et al. 2004, 

Angst et al. 2004, Merikangas et al. 2007) (figure 3.3), whereas diagnosis of lifetime ‗pure‘ 

OCD is limited to a rate ranging from approximately 8 to 22 % (Torres et al. 2013, Hofmeijer-

Sevinik et al. 2013, Ruscio et al. 2010, Pinto et al. 2006). Lifetime comorbid Axis I disorders 

include obsessive-compulsive spectrum disorders (OCSDs), in addition to mood, anxiety, 

substance use and psychotic disorders (Lochner et al. 2014, Hofmeijer-Sevinik et al. 2013, 

Ivarsson et al. 2008, Ruscio et al. 2010, Pinto et al. 2006). Within the obsessive-compulsive 
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         Figure 3.3.  Comorbidity in obsessive-compulsive disorder and the role of affective-motivational dimensions. 
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spectrum, highest comorbidity rates have been reported for tic disorder, body dismorphic 

disorder (BDD), self-injurious behavior (e.g. excoriation disorder), compulsive shopping, 

intermittent explosive disorder and trichotillomania (TTM) (Lochner et al. 2014, Nestadt et al. 

2009, du Toit et al. 2001). Noteworthily, among the aforementioned disorders, BDD, 

excoriation disorder and TTM are included in the category of OCRDs (APA 2013). Major 

depressive disorder (MDD), generalized anxiety disorder, social anxiety disorder, specific 

phobia, dysthymic disorder, panic disorder (with/out agoraphobia) and bipolar disorder are most 

commonly diagnosed as lifetime comorbid mood or anxiety disorders (Lochner et al. 2014, 

Fineberg et al. 2013, Hofmeijer-Sevinik et al. 2013, Ruscio et al. 2010, Nestadt et al. 2009, 

Pinto et al. 2006, LaSalle et al. 2004). There is also some evidence for high rates of comorbid 

substance use disorders (alcohol abuse or dependence/drug abuse or dependence) (Mancebo et 

al. 2009, Adam et al. 2012, Ruscio et al. 2010, Pinto et al. 2006). Further, the most commonly 

diagnosed comorbid Axis II disorder appears to be obsessive-compulsive personality disorder 

(OCPD) (Nestadt et al. 2009, Pinto et al. 2006, Denys et al. 2004(b), Starcevic et al. 2012, 

Garyfallos et al. 2010, Coles et al. 2008).  

 

In light of the described comorbidity patterns, as well as of specific clinical characteristics, the 

existence of at least two subtypes of OCD has been suggested, i.e. tic-related OCD (de 

Alvarenga et al. 2012, Lochner et al. 2014, Nestadt et al. 2009) and the OCD-OCPD subtype 

(Coles et al. 2008, Garyfallos et al. 2010, Diedrich and Voderholzer 2015). Tic-related OCD 

principally involves comorbidity of OCD and either chronic motor tic disorder, chronic vocal tic 

disorder or Tourette syndrome (de Alvarenga et al. 2012). In the context of tic-related OCD, the 

core dimension of NJREs and feelings of incompleteness appears to be more frequently present 

than in the context of tic disorders without comorbid OCD (Ferrão et al. 2012, Neal and 

Cavanna 2013, Reese et al. 2014). In particular, these robust sensory phenomena plausibly 

account for the presence of ordering symptoms in tic-related OCD (Ferrão et al. 2012), but they 

do not concurrently reinforce some limited evidence for the presence of the 

contamination/washing symptom dimension or a higher severity of (aggressive, sexual, somatic 

and religious) obsessions (Ferrão et al. 2012, de Alvarenga et al. 2012). This implies that some 

additional affective-motivational dimensions may partially underlie symptom manifestation in 

tic-related OCD. Furthermore, it has been argued that NJREs and feelings of incompleteness 

may serve as an explanatory basis for the association observed between obsessive-compulsive 

personality traits (rigid perfectionism, perseveration, intimacy avoidance and restricted 

affectivity) and the checking or, more robustly, the symmetry/ordering symptom dimension 

(Ecker et al. 2014(b), Wetterneck et al. 2011, Lee et al. 2009, Coles et al. 2008). However, 

contrary to the case of tic-related OCD, there exists no association between obsessive-

compulsive personality traits and the contamination/washing dimension or (aggressive, sexual, 
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somatic and religious) obsessions (Ecker et al. 2014(b)). These facts highlight the key role of 

the sensory-affective component in the framework of the OCD-OCPD subtype. Finally, though 

evidence for an OCD-MDD subtype is substantially limited (Nestadt et al. 2009), there is some 

indication for a correlation between a diagnosis of MDD and both incompleteness and harm 

avoidance severity (Ecker et al. 2014(a)). This fact may account for the lack of any observation 

of a weighted association between MDD and a specific OCD symptom dimension in a large-

scale Brazilian clinical study (Quarantini et al. 2011). 

 

3.6. Pathophysiology of Obsessive-Compulsive Disorder 

 

Dysfunctions of the serotonergic, GABAergic and dopaminergic neurotransmitter systems have 

been implicated in the pathophysiology of OCD (Westenberg et al. 2007, Nikolaus et al. 2010, 

Pauls et al. 2010, Berlin et al. 2008, Bloch et al. 2006, Greenberg et al. 2010 (a)). The 

fundamental role of serotonin (5-HT) in the pathogenesis of OCD was first acknowledged based 

on observations that the tryciclic antidepressant clomipramine and selective serotonin reuptake 

inhibitors (SSRIs) exerted a significant antiobsessional and anticompulsive effect (Yaryura-

Tobias et al. 1977, Goodman et al. 1989 (c), Jenike et al. 1989, Clomipramine Collaborative 

Study Group 1991). Nonetheless, even after the introduction of SRIs for the treatment of OCD 

in the mid-1980s, increasing documentation that a considerable number (40-60%) of patients 

failed to respond to SSRI treatment, partially or completely, or even demonstrated acute 

exacerbation of symptom severity, was pointing to the possible role of other neurotransmitter 

systems in the pathogenesis of OCD (Stein et al. 1999, Stein 2002, Goodman et al. 1989 (c), 

Goodman et al. 1990, Skoog G and Skoog I 1999). Indeed, it soon became evident that addition 

of antipsychotic augmentation agents, namely low-dose dopamine antagonists for treatment-

refractory OCD resulted in remarkable clinical efficiency. This fact suggested that the 

dopaminergic neurotransmitter system was also involved in the pathophysiology of OCD (Stein 

et al. 1997, McDougle et al. 1995, Jacobsen 1995, Denys et al. 2003, Dougherty et al. 2004). 

The presence of obsessive-compulsive symptoms in the clinical presentation of disorders 

associated with dysregulation of the dopaminergic system, including TS, has further pointed to 

the role of dopamine in OCD (Lochner et al. 2005). Eventually, direct evidence that 

serotonergic, dopaminergic and even GABAergic perturbations are implicated in the 

pathophysiology of OCD has been provided by neuroimaging and neurochemical studies (van 

der Wee et al. 2004, Denys et al. 2004(a), Nikolaus et al. 2010, Koo et al. 2010). Importantly, 

Nikolaus et al. (2010) suggested that decreased inhibition of dopaminergic neurotransmission by 

GABAA and 5-HT may underlie the pathogenesis of the disorder. 

http://europepmc.org/abstract/med/17277720/?whatizit_url_gene_protein=http://www.uniprot.org/uniprot/?query=OCD&sort=score
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3.7. Neurocircuitry of Obsessive-Compulsive Disorder 

 

Given the focus of psychiatry on the interface of motivation, emotion, and cognition, psychiatric 

neuroscience has progressively highlighted brain networks that subserve these functional domains and 

their interactions. 

 

S. Haber and S. Rauch (2010) 

 

Converging lines of evidence have underscored the pivotal role of cortico-striato-thalamo-

cortical (CSTC) circuits in the pathology and pathophysiology of OCD. Specifically, the 

associative and limbic CSTC circuits, known to subserve executive (attentional control, 

cognitive flexibility and goal-directed behavior) and modulatory functioning, respectively 

(Friedlander), appear to be at the core of symptom manifestation (Alexander et al. 1989, Saxena 

et al. 1998, Kopell and Greenberg 2008, Greenberg et al. 2006, Berlin et al. 2008, Stathis et al. 

2007, Aouizerate et al. 2004, Chamberlain et al. 2005, Velikova et al. 2010, Harrison et al. 

2009, Rotge et al. 2009, Beucke et al. 2013, Sgambato-Faure et al. 2014, Lapidus et al. 2013, 

Haber and Greenberg 2012) (figure 3.4).   

 

The associative or dorsolateral prefrontal CSTC loop involves the dorsolateral prefrontal cortex 

(DLPC) and the lateral orbitofrontal cortex (LOFC) projecting either directly, via the anterior IC 

and the inferior thalamic peduncle (ITP), or indirectly, via the basal ganglia, to the thalamus 

(ventral anterior parvocellularis and magnocellularis (VApc and mc) and dorsomedial (DM) 

thalamic nuclei). The basal ganglia structures involved in the indirect connection include the 

central striatum, i.e. the head of the caudate and the central/rostral areas of the putamen, as well 

as the dorsomedial GPi and the rostrolateral SNr. The limbic CSTC loop involves the anterior 

cingulate cortex (ACC), the medial orbitofrontal cortex (MOFC), and the agranular insular 

cortex (Brodmann areas 10, 11, 12, 13, 24, 25, 32), projecting either directly, via the anterior IC 

and the inferior thalamic peduncle, or indirectly, via the basal ganglia, to the DM thalamic 

nucleus. The indirect connection in this circuit involves the ventromedial striatum, i.e. either the 

ventromedial caudate and the NAcc core component that receive all the above - mentioned 

cortical projections, or the NAcc shell that receives projections predominantly from the 

subgenual cingulate (Brodmann area 25). In turn, the ventromedial caudate and the NAcc core 

component project to the dorsal SNr, the ventral tegmental area (VTA) and the ventromedial 

GPi, while the NAcc shell projects to the dorsal SNr, the VTA and a separate branch of the 

pallidum, the ventral pallidum (VeP). All of these output structures eventually project to the DM 

thalamus (Kopell and Greenberg 2008). Notably, similar to the motor CSTC loop, the indirect 

connections within both the associative and limbic CSTC loops involve a  
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(a) 

 

(b) 

Figure 3.4. (a) Key structures and pathways involved in neuropsychiatric disorders. Arrows illustrate 

projections (adapted from Haber and Rauch 2010) (b) General diagram of the disruption in the different 

types of information processing involved in the pathogenesis of OCD on grounds of the anatomical and 

neurochemical interconnections within distinct cortico-subcortical networks (reproduced with permission 

form Aouizerate et al. 2004) 
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further subdivision into a monosynaptic ‗direct‘ and a polysynaptic ‗indirect‘ pathway through 

the GPe and the STN, detailed in section 2.6.     

  

It  has been proposed that different subtypes of OCD have distinct neorocognitive basis and 

neural correlates (McKay and Storch 2013, Phillips and Mataix-Cols 2004). A deeper insight to 

this suggestion has been gained on the basis of fMRI, whereby abnormal activity in the LOFC 

and DLPC has been related to cognitive dysfunction (Page et al. 2009, Chamberlain et al. 2008), 

while abnormal patterns of connectivity from the dorsal ACC to left DLPC have been 

documented to suppress responses during decision making in patients with OCD (Schlösser et 

al. 2010). Hyperactivity in the ACC or the DLPC may also account for dysfunctional working 

memory, associated with checking rituals in OCD (Nakao et al. 2009, Zhang et al. 2008, van der 

Wee et al. 2003). Furthermore, dysfunctional reward processing, behavioral addiction, as well 

as enhanced action monitoring in OCD have been correlated with altered activation of the NAcc 

(Figee et al. 2011, Münte et al. 2007). In general, regional cerebral blood flow in ventral 

striatum, ACC, and bilateral OFC appears to be significantly increased in patients with OCD 

(Baxter et al. 1987, 1988, Rauch et al. 1994, Kwon et al. 2003). These structures have been 

further implicated in the pathophysiology of OCD on the grounds of indirect evidence including 

neurosurgical lesions (Maia et al. 2008), electrostimulation (Van Laere et al. 2006, Le Jeune et 

al. 2010, Aouizerate et al. 2009), or SSRI and behavior modification treatment (Baxter et al. 

1992, Schwartz et al. 1996, Bolwing et al. 2007, Benkelfat et al. 1990). Differently, in patients 

with OCD and comorbid MDD significantly lower metabolism in the thalamus, caudate and 

hippocampus than in patients with primary OCD has been reported (Saxena et al. 2001). 

 

Special reference should be made to a distinct subcortical area outside the traditional CTSC 

circuits, but strongly implicated in the psychopathology of OCD, the amygdala (McLean 1952). 

This structure is divided into a basolateral and a centromedial component, the former projecting 

to the NAcc core and related cortical regions, whereas the later projecting in tandem  

with the bed nucleus of the stria terminalis to the NAcc shell, area 25 and hypothalamic areas 

(Kopell and Greenberg 2008). Decreased frontostriatal control of the amygdala has been 

implicated in anxiety-driven symptoms and inadequate fear responses in OCD (van den Heuvel 

et al. 2004, Simon et al. 2014, Via et al. 2014, Milad and Rauch 2012), while the reciprocal 

connections of this structure with the NAcc point to its possible role in dysfunctional reward 

and motivational control observed in patients with OCD (Baxter and Murray 2002, Aouizerate 

et al. 2004). 

 

Similar to the research on pathological patterns of neuronal activity in the basal ganglia nuclei 

of patients with PD, the presence of abnormal neuronal activity in the STN and the bed nucleus 
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of the stria terminalis of patients with OCD is being intensively explored over the last years 

(Piallat et al. 2011, Welter et al. 2011, Bastin et al. 2014 (a), (b) ; Neumann et al. 2014) based 

on electrophysiological recordings acquired during or after DBS surgery of the respective target 

regions (Cohen 2012).  Particularly, Piallat et al (2011) and Welter et al (2011) reported on the 

high incidence of burst discharges in neuronal activity of the limbic-associative functional 

territory of the STN in patients with OCD, with a similar proportion to burst activity in the STN 

of patients with PD. On the other hand, according to the same studies, firing rate in the STN of 

patients with OCD appears to be significantly lower than firing rate in the STN of patients with 

PD. Furthermore, Welter et al (2011) described the presence of abnormal oscillatory activity in 

the limbic-associative functional territory of the STN in patients with OCD and highlighted the 

clinical relevance of increased delta and alpha oscillatory activity.  Some evidence for the 

presence of abnormal oscillatory activity in the STN of patients with OCD has also been 

provided by Bastin et al (2014 (a), (b)). Notably, there are also indications for the clinical 

relevance of reduced coupling across the delta and beta frequency bands reflecting a frontal–

subcortical functional disconnection (Velikova et al. 2010), and for the clinical relevance of 

increased coupling between beta or low-gamma and broadband gamma-frequency activity 

(Bahramisharif et al. 2015). Last, there is some evidence that abnormal neuronal activity in the 

STN of patients with OCD may be hemisphere-specific (Piallat et al. 2011, Bastin et al. 2014 

(a), Eitan et al. 2013).  

 

3.8.  Nonsurgical Management 

 

First-line treatment options usually involve either cognitive-behavioral therapy (CBT) or 

pharmacological therapy for mild to moderate severity of illness (Y-BOCS score of 8 to 23), or 

a combination of both for patients with severe OCD (National Collaborating Centre for Mental 

Health 2006, Schruers et al. 2005, Seibell and Hollander 2014, Koran et al. 2007) (figure 3.5). 

 

Exposure and response prevention (ERP) is a behavioral therapy with well-established 

effectiveness in reducing OCD symptoms, reflected in response rates of up to 85% in patients 

who complete the therapy (Meyer 1996, The Expert Consensus Panel for obsessive-compulsive 

disorder 1997, Abramowitz et al. 2003(c), Foa and Goldstein 1978, Foa et al. 2005, Koran et al. 

2007). This first-line treatment is a time-limited therapy of 13 to 20 sessions performed over a 

weekly or even daily basis (Abramowitz et al. 2003(c), Koran et al. 2007) and involves 

systematic exposure to anxiety-eliciting stimuli or situations, i.e. patient-specific symptom 

triggers that have been previously hierarchized on a scale from 0 to 100. Two types of exposure 

are commonly used: situational (in vivo) and imaginal exposure. Situational exposure refers to a 

confrontation with actual anxiety-provoking stimuli, while imaginal exposure refers to a 
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confrontation with anxiety-provoking thoughts, images or doubts, until substantial reduction of 

anxiety is achieved. Response prevention is a further essential component of this treatment 

wherein the patient desists from yielding to the performance of a compulsion or an avoidance 

behavior. The core function of ERP is to teach the patient that provoked anxiety will gradually 

decrease without the urge of performing overt or covert compulsive rituals and without relying 

on avoidance or safety-seeking behavior (Seibell and Hollander 2014, Abramowitz 2006, 

Abramowitz et al. 2009, Bjorgvinsson et al. 2007, de Silva et al. 2003). This process is referred 

to as habituation. Remarkably, despite the well-documented and long-lasting efficiency of ERP, 

a substantial minority of patients (~25%) either refuses treatment or drops out prematurely 

(Abramowitz 2006). An equally effective psychoanalytical treatment that can be used 

alternatively or in order to facilitate compliance with ERP is cognitive therapy (CT) that is 

based on the concept of modification of dysfunctional cognitive reasoning pertaining to the  

overestimation of threat, overimportance of intrusive thoughts as well as inflated responsibility 

(Salkovskis 1999, Obsessive Compulsive Cognitions Working Group 1997, Abramowitz 1997, 

Wilhelm et al. 2005, Schruers et al. 2005, Emmelkamp et al. 1980, Nerizoglou et al. 2006). 

Furthermore, in the last few years, internet-based CBT with therapist support is emerging as a 

potentially more accessible treatment option (Andersson et al. 2012). Notably, despite the high 

effect size of CBT in the treatment of OCD (Abramowitz 1997), a considerable number of 

patients remains symptomatic after treatment (Abramowitz 2002). In this regard, initial 

symptom severity or initial depression severity seem to be implicated in the treatment outcome 

of CBT for OCD. However, the exact degree of correlation of these factors with the outcome of 

different CBT options remains controversial (Olatunji et al. 2013). On the other hand, in the 

framework of OCD symptom subtypes, it has been suggested that patients with cleaning and/or 

checking compulsions may respond better to CBT (McKay et al. 2004).  

 

The FDA has approved five agents for the pharmacological treatment of OCD: clomipramine 

and four SSRIs (fluoxetine, fluvoxamine, paroxetine, and sertraline). Due to a more troublesome 

side-effect profile of clomipramine, an SSRI is preferred as a first-line pharmacological 

treatment. However, the response to each SSRI may be patient-specific. Twelve weeks is the 

minimal duration of therapy necessary to correctly estimate the response to a drug, while it is 

often necessary to prescribe the maximal dose in order to obtain a good response in the acute 

phase of the disorder (Koran et al. 2007). There is also sufficient evidence that supports the 

efficacy of citalopram and escitalopram (Pallanti et al. 2011), though these compounds are not 

FDA-approved. For patients with partial response to first-line treatment, augmentation of SRIs 

with CBT or with an antipsychotic agent (dopamine antagonist) including  
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Figure 3.5. Algorithm for the Treatment of Obsessive-Compulsive Disorder (OCD). 

*Treatment with little supporting evidence (Koran et al. 2007) 

Yes 

CBT (ERP) 
First-line  
treatments SSRI+CBT 

(ERP) 

SSRI 

Is the response 
adequate after 13-20 

weekly sessions of CBT? 

Is the response adequate after 8-12 total 
weeks of SSRI 

(4-6 weeks at maximal tolerable dose) 
or 13-20 weekly sessions of CBT or 

weekday daily CBT for 3 weeks? 

No 

Yes 

For medication: continue for 1-2 years, then consider gradual taper over several months 
or more. 
For CBT: provide periodic booster sessions for 3-6 months after acute treatment. 

Strategies for Moderate Response 

 Augment with a second-generation antipsychotic or with 
CBT (ERP) if not already provided. 

 Add cognitive therapy to ERP*. 
 

Strategies for Little or No Response 

 Switch to a different SSRI (may try more than one trial). 

 Switch to clomipramine. 

 Augment with a second-generation antipsychotic. 

 Switch to venlafaxine. 

 Switch to mirtazapine*. 
 

Strategies for Moderate and for Little or No Response 

 Switch to a different augmenting second-generation antipsychotic. 

 Switch to a different SSRI. 

 Augment with clomipramine*. 

 Augment with buspirone*, pindolol, morphine sulfate*, inositol* or a 
glutamate antagonist (e.g. riluzole, topiramate)*. 

 
Strategies Only for Little or No Response 

 Switch to D-amphetamine monotherapy*. 

 Switch to tramadol monotherapy*. 

 Switch to ondasetron monotherapy*. 

 Switch to an MAOL*. 
 

After first- and second-line strategies have been exhausted, other options that 
may be considered include transcranial magnetic stimulation*,deep brain 
stimulation*, and ablative neurosurgery. 

Adequate 
response? 

No 

No 

Yes 
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haloperidol, risperidone, or aripiprazole, may be considered.  Patients with little (<25% 

reduction in Y-BOCS score) or no response to the initial SSRI may have their medication 

switched to a different SSRI or clomipramine, or to a serotonin–norepinephrine reuptake 

inhibitor (SNRI) including venlafaxine or mirtazapine. Augmentation strategies with an 

antipsychotic agent may be considered for these patients as well. Less supported second-line 

strategies include augmentation of SSRIs with clomipramine, buspirone, pindolol, riluzole (a 

glutamate modulating agent), or morphine sulfate.  Exlusively for non-responders to second-line 

treatment, monotherapies with d-amphetamine, tramadol, monoamine oxidase inhibitors 

(MAOIs), or ondansetron may be considered (Koran et al. 2007, Seibell and Hollander 2014, 

Schruers et al. 2005, Bloch et al. 2008, Pittenger et al. 2006) (figure 3.5). 

 

Pallanti et al (2002) have introduced operational criteria for discriminating between seven stages 

of response to treatment (Pallanti et al. 2002, Pallanti and Quercioli 2006) (table 3.1). The 

authors suggest use of the characterization ‗refractory‘ only after at least three trials with SRI 

agents (including clomipramine), two augmentation trials with atypical antipsychotics, and at 

least 20-30 hours of CBT, while the term ‗recovery‘ should be applied to indicate an almost 

complete absence of symptoms corresponding to an Y-BOCS value of 8 or below. Notably, 

recovery occurs only in an episodic course. Thus, the term ‗remission‘ characterizes the most 

successful outcome in a non-episodic course. In an adequate trial of an SSRI, a 35% or greater 

Y-BOCS reduction could be considered a ‗full response‘, between 25% and 35% a ‗partial 

response‘, and less than 25% a ‗non-response‘. Off note, the term ‗resistant‘ should be used 

after fail of one trial of therapy with a first-line treatment (Pallanti et al. 2011). 

 

Electroconvulsive therapy (ECT) and transcranial magnetic stimulation (TMS) constitute non-

surgical approaches for treatment-refractory OCD (National Collaborating Centre for Mental 

Health 2006). Particularly, ECT has been recommended by the Expert Consensus Guideline for 

treatment-refractory OCD and comorbid depression. Nevertheless, its efficiency exclusively for 

treatment-refractory OCD has not been established due to lack of convincing evidence. It has 

been reported that ECT may act by reducing comorbidity of depression, TS or schizophrenia, 

rather by treating OCD symptoms directly (Berlin et al. 2008, Lins-Martins et al. 2014). TMS 

for OCD involves the use of a pulsed magnetic field to induce changes in prefrontal cortical 

activity and thereby to ameliorate obsessive-compulsive symptoms. However, similar to ECT, 

there is inconclusive evidence upon which to base a recommendation for the use of TMS for 

treatment-refractory OCD. Future studies should be oriented towards the optimization of 

treatment duration and stimulation parameters as well as the determination of standardized 

stimulation sites (Berlin et al. 2008, Seibell and Hollander 2014). 
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Table 3.1. Stages of response (adapted form Pallanti et al. 2011) 

 

Stage of response Stage Description 

I Recovery Not at all ill; less than 8 on Y-BOCS 

II Remission Less  than 16 on Y-BOCS 

III Full response 35% or greater reduction of YBOCS and CGI 1 or 2 

IV Partial response Greater than 25% but less than 35% YBOCS 

reduction 

V Non-response Less than 25% YBOCS reduction, CGI 4 

VI Relapse Symptoms return (CGI 6 or 25% increase in Y-

BOCS from remission score) after 3+ months of  

‗adequate‘ treatment 

VII Refractory No change or wosening with all available therapies 

 

 

3.9. Neurosurgery for Treatment-Refractory Obsessive Compulsive 

Disorder 

 

It is estimated that about 10% of patients with OCD demonstrate severe treatment-refractory 

symptoms (Denys 2006). For a select group of these patients, neurosurgical treatment may 

represent an effective alternative. Notably, in the current practice of psychiatric surgery 

treatment-refractory OCD is the condition most commonly referred (Lipsman et al. 2011). 

However, factors like cultural stigma surrounding psychiatric disease, reluctance of psychiatrists 

to refer patients and the historical misuse of psychosurgery have prevented widespread use of 

neurosurgery for treatment-refractory psychiatric indications. The safety and efficiency of 

traditional stereotactic ablative procedures, including anterior capsulotomy, anterior 

cingulotomy, subcaudate tractotomy and limbic leucotomy, for severe, treatment-refractory 

OCD, are supported just by level II evidence and remain at a ‗proof-of-principle‘ investigational 

stage, while gamma knife and stereotactic-focused ultrasound lack evidence completely (Nuttin 

et al. 2014, National Collaborating Centre for Mental Health 2006). Furthermore, application of 

DBS for treatment-refractory OCD and validation of appropriate targets still remain at an 

experimental stage (Blomstedt et al. 2013, Kohl et al. 2014, Morishita et al. 2014, Figee et al. 

2010, de Koning et al. 2011, Lapidus et al. 2013, Williams and Okun 2013, Krack et al. 2010). 

For the generation of level I clinical evidence with respect to neurosurgical procedures for 

psychiatric disorders, design of randomized and blinded controlled trials is required ensuring 

ethical conduct and giving priority to individual patient‘s safety and treatment. Accordingly, 

independent experts are needed for a comprehensive preoperative assessment using standardized 
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rating scales, including evaluation of treatment refractoriness, and carefully considering 

suicidality. Proper consent procedures have to be ensured. Equally important is the application 

of the neurosurgical procedure by an experienced multidisciplinary team, including trained 

neurosurgeons, psychiatrists, neurologists and neuropsychologists. Finally, a comprehensive 

postoperative assessment should be definitely warranted (Nuttin et al. 2014). 

 

Since 1999, DBS has been evaluated in a total of approximately 100 individual patients as an 

advantageous treatment option over ablative procedures for severe, treatment-refractory OCD, 

by virtue of its reversibility and adjustability (Sakas et al. 2007 (b)). Due to limited knowledge 

of the pathophysiology of the disorder, target selection has been principally based on experience 

from traditional stereotactic lesioning procedures or on observations during DBS surgery for 

other disorders (Blomstedt et al. 2013, Benabid and Torres 2012). In the first published report of 

bilateral DBS for treatment-refractory OCD, the selected target was situated in the IC, 

immediately rostral to the anterior commissure extending into adjacent ventral capsule/ventral 

striatum (VC/VS) (Nuttin et al. 1999) (figure 3.6). The selected target was identical to the target 

region in capsulotomy. According to this report, in three of four patients beneficial acute effects 

were observed in the stimulation-on condition. Subsequently, long-term efficiency of anterior 

capsular and ventral striatal stimulation was being corroborated by a further series of small-

scale studies (Nuttin et al. 2003, Gabriels et al. 2003, Abelson et al. 2005, Greenberg et al. 2006, 

Goodman et al. 2010). In a comprehensive evaluation of the clinical outcome of these studies 

Greenberg et al. (2010 (b)) reported during the last follow-up full responsiveness (72% >35% 

reduction in YBOC-S score) to VC/VS-DBS and remarkable improvements in depression, 

anxiety and global functioning in about two thirds (17/26) of patients, attributable to the gradual 

refinement of the implantation site within and across centers. Particularly, the optimal target 

was situated in the junction of the anterior capsule, anterior commissure and posterior ventral 

striatum. Adverse events reported included two intracranial hemorrhages, one seizure, one 

wound infection, two hardware-related complications, and stimulation-induced reversible 

effects, such as hypomania. Yet, cognitive decline is not induced by VC/VS-DBS (Kubu et al. 

2013). In 2003, selecting the shell region of the right NAcc as a target for DBS was reported to 

induce significant improvement in OCD symptomatology (Sturm et al. 2003). This specific 

target choice was based on clinical observations about the possible role of the ventral-caudal 

part of the IC adjacent to the NAcc in the clinical outcome of anterior capsulotomy, but also on 

pathophysiological evidence pointing to the role of the NAcc as a central-relay structure 

between the amygdaloid complex and the subgenual cingulate (de Koning et al. 2012). 

Thereafter, application of unilateral DBS of the right NAcc for treatment-refractory OCD,  
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Figure 3.6. Three-dimensional illustration of DBS in ventral capsule/ventral striatum. Leads and brain 

structures are located on the axial plane 5 mm below the intercommisural plane as viewed posterior to 

anterior (reproduced with permission from Lapidus et al. 2013). 

 

including a case of OCD with comorbid schizophrenia, resulted in moderate long-term 

beneficial effects (Huff et al. 2010, Plewnia et al. 2008), while bilateral DBS of the NAcc was 

associated with a significantly greater degree of long-term responsiveness yielding a level II 

evidence for the use of this procedure in clinical practice (Denys et al. 2010, Hamani et al. 2014, 

Franzini et al. 2010, Mantione et al. 2014). Notably, in all of the above-mentioned clinical trials 

high voltage amplitudes of stimulation (up to 10.5 V) have been required for significant clinical 

benefit.  

 

With respect to a distinct target and according to a recent systematic review of Hamani et al 

(2014), there is level I evidence for the use of bilateral STN-DBS for treatment-refractory OCD. 

This evidence is based on the study of the French Stimulation dans le Trouble Obsessionnel 

Compulsif (STOC) Study Group (Mallet et al. 2008) that proposed this therapeutic option, after 

the observation that high frequency stimulation of the STN alleviated obsessive-compulsive 

symptoms in 2 patients with PD and a history of severe OCD (Mallet et al. 2002, Haynes and 

Mallet 2012). A further impetus to this specific selection was provided by multiple lines of 

evidence of the involvement of the STN, as a major node of the indirect pathway, in the 

pathophysiology of OCD and other behavioral disorders (Mallet et al. 2007, Winter et al. 2007, 

Winter et al. 2008(a), Haynes and Mallet 2012), as well as the proven efficiency of STN-HFS in 

the rat (Winter et al. 2008(b), Winter 2012, Klavir et al. 2009, Kupsch et al. 2004, Winter et al. 

2007) and primate model of OCD (Baup et al. 2008) . According to the outcome of the study of 
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the French STOC Study Group, active contacts on postoperative MRI were placed in the 

anteromedial (associative-limbic) part of the STN, 2mm anterior and 1 mm medial to the target 

used during STN-DBS for PD. The YBOC-S score was reduced significantly (p=0.01) by 31% 

on average after 3 months of active stimulation. Chabardès et al (2013) evaluated the selection 

of the same target in four patients with severe OCD. In three of the four patients a 71-78% 

decrease in the YBOC-S score was reported at 6 months of stimulation, while in one case a 

lower clinical improvement (~34% decrease in the YBOC-S score) was achieved, even after 

adjustment of stimulation parameters, attributable  to the functional misplacement of the 

electrodes.  The authors remarked not only on the clinical effects of STN-DBS for treatment-

refractory OCD, but also on the advantages associated with a well-known target region, as well 

as the lower energy requirements compared to the use of the aforementioned alternative targets. 

 

Further target regions reported in the literature, in the framework of DBS for OCD, include the 

ITP, the bed nucleus of the stria terminalis and the anteromedial GPi (Jimenez-Ponce et al. 

2009, Denys et al. 2003, Nair et al. 2014, Klavir et al. 2011, Gabriels et al. 2003). Jimenez-

Ponce et al. (2009) observed a 49% reduction in the YBOC-S score of 5 patients after 12 

months of stimulation of the ITP. Remarkably, however, ethical conduct in the framework of 

this study has been heavily criticized (Meyerson 2009). The bed nucleus of the stria terminalis 

as a clinical target for OCD is currently under evaluation by a multi-center study (Nuttin et al. 

2013, Neumann et al. 2014). Thus far, surgical targeting of this nucleus has been associated 

with a significant posterior deviation from the original anatomical position.  
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Supporting Clinical Decision Making During Deep 

Brain Stimulation Surgery by means of a Stochastic 

Dynamical Model  

 

 

 

 

 

 

 

Following the demonstration of the control of chaos in arrhythmic cardiac tissue, there are no longer any 

technical barriers to applying these techniques to neural tissue.  

S J Schiff et al. (1994) 

 

 

 

 

Abstract 

 

Objective. The development of automatic methods for clinical decision making during deep 

brain stimulation (DBS) surgery for the treatment of advanced Parkinson's disease (PD) has to 

date been characterized by the absence of a robust single-biomarker approach. Moreover, it has 

only been restricted to the framework of microelectrode recording (MER) without 

encompassing intraoperative macrostimulation. Here, an integrated series of novel single-

biomarker approaches is proposed applicable to the entire electrophysiological procedure by 

means of a stochastic dynamical model. Approach. The methods are applied to MER data 

pertinent to 10 DBS procedures. Considering the presence of measurement noise, a multivariate 

phase synchronization index is initially employed for automatic delineation of the functional 

boundaries of the subthalamic nucleus (STN) and determination of the acceptable MER 

trajectories. By introducing the index into a nonlinear stochastic model, appropriately fitted to 

pre-selected MERs, the neuronal response to periodic stimuli (130 Hz) is simulated, and the 
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Lyapunov exponent is examined as an indirect indicator of the clinical effectiveness yielded by 

stimulation at the corresponding sites. Main results. Compared with the gold-standard dataset of 

annotations made intraoperatively by clinical experts, the STN detection methodology 

demonstrates a false negative rate of 4.8% and a false positive rate of 0%, across all trajectories. 

Site eligibility for implantation of the DBS electrode, as implicitly determined through the 

Lyapunov exponent of the proposed stochastic model, displays a sensitivity of  71.43%. 

Significance. The suggested comprehensive method exhibits remarkable performance in 

automatically determining both the acceptable MER trajectories and the optimal stimulation 

sites, thereby having the potential to accelerate precise target finalization during DBS surgery 

for PD. 

 

4.1. Targeting Modalities in Deep Brain Stimulation Surgery for 

Parkinson’s Disease 

 

In addition to appropriate patient selection and optimal postoperative management, the quality 

of the clinical outcome of DBS surgery is strongly correlated with appropriate anatomical target 

determination and accurate electrode placement in the targeted nucleus (Lozano et al. 2010 (a), 

Volkmann et al. 2006).  In that vein, upon application of the stereotactic frame, pre-operative 

direct targeting modalities, namely CT, 1.5 T-MRI, and ventriculography have all been shown 

to be stereotactically accurate in the millimeter range (Rezai et al. 2006). However, while some 

surgical teams exclusively opt for these image-guided approaches, in the majority of clinical 

centers the additional use of microelectrode recording (MER) as an indirect targeting modality 

has been adopted in order to optimize accurate electrode localization (Abosch et al. 2013, 

Weaver et al. 2009). The latter option is justified on the grounds of specific drawbacks related to 

direct targeting, including brain shift: the target location determined during MRI, when the 

patient lies in the supine position, is not the same as the target location determined intra-

operatively, when the patient lies in a more upright position (Abosch et al. 2010). Nevertheless, 

prospective randomized studies comparing the long-term efficiency of MER vs. the 

aforementioned image-guided approaches are still lacking (Rezai et al. 2006, Senatus et al. 

2006, Mc-Clelland III 2011, Gross and McDougal M E 2013). In either case, final electrode 

placement is ultimately determined on the basis of the patient‘s response to intraoperative 

macrostimulation (Lozano 2012, Bour et al. 2010). 

 

Intraoperative MER is considered a relatively safe and robust tool for reducing the risk of 

suboptimal localization of the targeted nucleus (Rezai et al. 2006, Reck et al. 2012, Lanotte et 

al. 2002, Chen et al. 2006, Schlaier et al. 2013). After burr holes are made anterior to the 
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coronal suture, one to five microelectrodes are (concurrently) advanced towards the targeted 

nucleus using a microdrive. During this process, the physiological ‗signature‘ of each penetrated 

nuclear structure can be visualized thereby assisting clinical decision with respect to the optimal 

recording trajectory, i.e. the trajectory traversing the broadest extent of the nucleus (Lozano et 

al. 2010 (a), Marceglia et al. 2010). With respect to the subthalamic nucleus (STN) (see section 

4.2), an increased background noise level, a high discharge rate and an irregular or bursting 

pattern of activity, are distinguishing features of this target structure compared with surrounding 

brain structures (Bour et al 2010). Following delineation of the functional boundaries of the 

STN, its total length for each recording track can be defined. An acceptable track should pass 

through >= 3 mm of the nucleus (Marceglia et al 2010).  Framebased DBS surgery including 

MER has a similar outcome when compared with frameless stereotaxy (Tai et al. 2010, 

Holloway et al. 2005, Bronte-Stewart et al. 2010, Rezai et al. 2006). However, there is currently 

no compelling evidence for a positive correlation between the number of recording electrodes 

used and the degree of improvement of motor symptoms or the risk of intracranial hemorrhage 

(Temel et al. 2007, Gross et al. 2006, Chang et al. 2011, Zibetti et al. 2014). In addition, firm 

conclusions about the effects of anesthesia on microelectrode mapping have not been yet drawn 

(Lettieri et al. 2012, Maltete et al. 2004, Rezai et al. 2006).  

 

Meanwhile, direct visualization techniques for preoperative or intraoperative use are being 

optimized with the ultimate goal of improving the accuracy of anatomic target  

localization or even excluding a possible hemorrhage risk associated with microelectrode 

penetrations (Zrinzo et al 2012). Within this framework, the accuracy achieved using 

susceptibility-weighted imaging at 3 (3.0T-MRI) or 7 Tesla (7.0T-MRI), high-field 

interventional MRI (iMRI), intra-operative CT ,O-arm images, or diffusion tensor imaging 

(DTI) tractography appears to be at least comparable to the accuracy reported when using 

standard MER stereotactic methods (Patil et al. 2012, Abosch et al. 2010, Cho et al. 2010, Toda 

et al. 2009, Liu et al. 2013, Larson et al. 2012, Starr et al. 2010, Ostrem et al. 2013, Burchiel et 

al. 2013, Fiegele et al. 2008, Coenen et al. 2011, Holloway and Docef 2013, Henderson 2012, 

D‘Albis et al. 2014, Sudhyadom et al. 2009). Notwithstanding, for the emerging targets the 

exclusive use of direct visualization techniques may be less appropriate than 

electrophysiologically guided neurosurgery (Starr et al. 2010). 

 

Importantly, irrespectively of the targeting modality used, intraoperative clinical testing of 

macrostimulation is a strong prerequisite for optimal lead finalization, ensuring that maximal 

therapeutic effects of stimulation at a specific site are achieved along with minimal side-effects 

(Rezai et al. 2006, Abosch et al. 2010, Starr et al. 2010, Pollak et al. 2002. Kinfe andVesper 

2013). Macrostimulation is most commonly applied through the low-impendance shaft of the 
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microelectrode (Sakas et al. 2007 (a)), a macroelectrode (Coenen et al. 2011), or the DBS 

electrode (Chen C C et al. 2006) at multiple sites, in order to assess the optimal ratio between 

the intensity threshold for the appearance of side-effects and the intensity threshold for clinical 

effectiveness, i.e. the optimal therapeutic window (Marceglia et al. 2010). Thus, intraoperative 

stimulation provides a neurophysiological refinement of the targeted nucleus for lead 

finalization. The intuitive justification behind this approach lies in the fact that intraoperative 

macrostimulation-induced effects are similar to the postoperative effects induced by the chronic 

DBS electrode. Therefore, stimulation parameters utilized intraoperatively simulate the 

respective parameters applied postoperatively, i.e., most commonly, a frequency of 130 Hz, a 

pulse width of 60μs and amplitudes up to 5 V (Pollak et al. 2002). Intraoperative clinical 

testing is currently being performed by neurosurgeons, neurologists, and clinical 

neurophysiologists (Rezai et al. 2006). A reliable assessment of  the clinical benefits during 

STN-DBS, most frequently involves evaluation of rigidity improvement, improvement of 

segmental akinesia and/or stimulation-induced dyskinesias, which should be noticeable at low 

electrical intensities (Houeto et al. 2003, Pollak et al. 2002, Gross et al. 2006). Regarding 

certain motor and oculomotor side-effects (motor contractions in the contralateral labial 

commissure, face, or hand, and monocular eye deviation or unilateral change in the pupil 

diameter), these should be induced at high intensity levels, whereas for sensory and vegetative 

adverse effects a narrow therapeutic window is acceptable (Pollak et al. 2002, Tommasi et al.  

2008). During surgery, improvements in motor symptoms of PD and/or onset of dyskinesias 

have been observed by simply implanting the DBS electrode at the STN, the so-called 

microlesion effect (Chen C C et al. 2006, Yoshida et al. 2010). Though this effect seems to be of 

positive prognostic significance, no definite conclusions have been reached (Rezai et al. 2006).  

 

Within the general framework of targeting modalities used during DBS surgery, there exists a 

variety of algorithms and advanced software systems designed to support or even automate 

clinical decision making intraoperatively. Specifically, biomarkers and modeling approaches 

based on electrophysiological data or oriented to the development of patient-specific 3-

dimensional models of the target area significantly facilitate optimal trajectory identification 

(Wong et al. 2009, Cagnan et al. 2011, Falkenberg et al. 2006, Chan et  al. 2010, Novak et al. 

2011, Pesenti et al. 2004, Pinzon-Morales et al. 2011, Holdefer et al. 2010, Danish et al. 2008, 

Snellings et al. 2009, Zaidel et al. 2009, 2010, Chen C C et al. 2006, Taghva et al. 2011, Abosh 

et al. 2013, Beriault et al. 2012). In addition, patient-specific modeling approaches being 

inclusively applicable to clinical macrostimulation testing encompass the potential to optimize 

and accelerate lead finalization (Miocinovic et al. 2007, Butson et al. 2011, D‘Haese et al. 2012, 

Maedler and Coenen 2012). 
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4.2.    The Subthalamic Nucleus Target: Topographic Organization and 

Functionality  

 

The STN, also known as the corpus Luysii, is a biconvex-shaped structure situated at the 

diencephalo-mesencephalic junction (Luys 1865, Yelnik and Percheron 1979). The borders of 

the STN are defined by the zona incerta, a portion of the fasciculus lenticularis, fibers of the IC, 

the field H of Forel, the postero-lateral hypothalamus, the cerebral peduncle, the substantia nigra 

pars reticulata and the red nucleus (Schaltenbrand and Wahren 1977). Fiber tracts coursing near 

the border of the STN include the subthalamic fasciculus, the ansa lenticularis, the lenticular 

fasciculus, the thalamic fasciculus, dopaminergic nigrostriatal fibers, the medial lemniscus, the 

spinothalamic tract, the trigeminothalamic tract and the reticulothalamic tract (Hamani et al. 

2004). The volume of human STN has been reported to range between 175mm3 and 240 mm3 

and to include an average of 240.000-560.000 neurons (Hardman et al. 2002, Levesque and 

Parent 2005). Its length, width, and height are  9.8 ± 1.6, 11.5 ± 1.6, and 3.7 ±0.7 mm, 

respectively (Patil et al. 2012). Notably, there is some evidence of a significant inter-individual 

variability in anatomical position and dimensions of the STN (Daniluk et al. 2010, Reese et al. 

2012). The vascular supply to the STN is mediated by branches of the anterior choroidal artery, 

the posterior communicating artery and posteromedial choroidal arteries (Hamani et al. 2004).  

 

The STN is the only nucleus within the basal ganglia network principally composed of 

projection neurons exerting an intense glutamate-mediated excitatory effect upon other 

structures. Particularly, these neurons project mainly to the pallidum, striatum, substantia nigra, 

PPN and cortex. Notwithstanding, GABAergic interneurons also appear to play a role in the 

intrinsic organization of the STN. The STN receives its afferents from the cerebral cortex, the 

thalamus, the GPe, the substantia nigra, the PPTg and the dorsal raphe nucleus (Parent and 

Hazrati 1995, Hamani et al. 2004, Marani et al. 2008, Nambu et al. 2002, Levesque and Parent 

2005). As stated in section 2.6, the pallidosubthalamic projection constitutes an essential 

component of the indirect pathway (Parent and Hazrati 1995, Karachi et al. 2005). Importantly, 

the structural and functional subdivision of the basal ganglia into the sensorimotor, associative 

and limbic regions is reflected in the existence of three corresponding functional zones in the 

STN, i.e. the sensorimotor, the associative and the limbic zone residing in the posterior 

(dorsolateral), mid (ventromedial) and anterior (medial) part of the nucleus, respectively 

(Alexander and Crutcher 1990, Lambert et al. 2012, Hamani et al. 2004, Karachi et al. 2005, 

Parent and Hazrati 1995, Brunenberg et al. 2012, Tan et al. 2006, Sudhyadhom et al. 2007, 

Stathis et al. 2007). Accordingly, the STN is not only actively involved in the regulation of 
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movement, but also in cognitive and emotional processing (Péron et al. 2013, Le Jeune et al. 

2010, Benedetti et al. 2004, Greenhouse et al. 2011, Drapier et al. 2008, Baláž et al. 2011,  

Bockova et al. 2011, Buot et al. 2013, Kopell and Greenberg 2008, Baunez et al. 2011, Burbaud 

et al. 1994). Interestingly, however, these three functional modalities may not be processed in a 

strictly topographically segregated manner, but may be integrated within the small volume of 

the STN (Mallet et al. 2007, Hershey et al. 2010, Baláž et al. 2011, Haynes and Haber 2013, 

Lalys et al. 2013). The existence of this functional connectivity pattern within the borders of the 

STN may explain the absence of an academic consensus in support of a strictly tripartite 

functional subdivision of this core structure (Alkemade and Forstmann 2014).  

 

While pathological patterns of neuronal activity in the STN of patients with PD have been 

extensively described in section 2.6, special reference should be made to the topographic 

organization of these patterns. In this respect, single-cell and LFP recordings have revealed a 

higher incidence of burst discharges, of movement-related neuronal activity, of beta and tremor-

related oscillatory activity, and of pathological synchronization in the dorsal compared with the 

ventral part of the STN of patients with PD, although this difference has not always reached 

statistical significance (Kühn et al. 2005, Weinberger et al. 2006, Seifried et al. 2012, Contarino 

et al. 2011, Rodriguez-Oroz et al. 2001, Hamani et al. 2004, Guo et al. 2013, Lourens et al. 

2013).  In accordance with this topographic organization but also with the functional 

connectivity pattern of the STN stays the fact that DBS electrodes positioned at the ventral or 

medial part of the STN of patients with PD may improve motor symptoms, but at the expense of 

inducing speech, cognitive or emotional impairment (Hershey et al. 2010, Astrom et al. 2010, 

Mikos et al. 2011, Mallet et al. 2007, Paek et al. 2008). On the other hand, the dorsolateral 

margin of the STN has consistently been characterized as the stereotactic position correlated to 

the greatest improvement of the UPDRS-III-on score (Herzog et al. 2004, Guo et al. 2013, 

Johnsen et al. 2010, Godihno et al. 2006, Lanotte et al. 2002, Maks et al. 2009, Zaidel et al. 

2010), though there is also some evidence that stimulation in that area may negatively affect 

speech intelligibility (Lalys et al. 2013). Moreover, stimulation of the lateral STN has been 

associated with a lower therapeutic effect on bradykinesia as opposed to rigidity (Cooper et al. 

2011), a phenomenon possibly invoked by activation of pyramidal tract fibers in the adjacent IC 

(Xu e al. 2011). Besides, stimulation-induced activation of pyramidal tract fibers, including 

corticobulbar and corticospinal pathways, has been reported to induce cranial motor 

contractions that constitute one of the most common side effects observed during STN-DBS for 

PD (Tommasi et al. 2008, 2012). 

 

4.3 Mechanisms of Action of Deep Brain Stimulation  
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‘The mechanism of action is not well understood’ - no phrase is repeated more often in reports on deep 

brain stimulation in psychiatry and neurology.  

M. G. P. Feenstra and D. Denys (2012) 

 

The elucidation of the mechanism associated with clinically effective DBS is crucial to a deeper 

understanding of the functional underpinnings of this technology, as well as to the determination 

of its full therapeutic potential, that may in turn favor the development and advancement of 

novel and clinically more efficient stimulation patterns. Variations in the approach used 

(imaging, neurophysiology, microdialysis), in the mode of stimulation (using the standard 

multicontact DBS electrode versus using a microelectrode or the guide-tube as the active 

electrode) and stimulation parameters, or in the latencies (short versus long-term) of the 

observed effects are the main synergetic factors towards relatively contradictory hypothetical 

mechanisms of action of DBS (Lozano and Lipsman 2013). The ‗functional lesion‘ hypothesis, 

i.e. the hypothesis that stimulation evokes silencing of pathologically hyperactive neurons, 

originated in the observation of a comparable effect of stimulation to ablation in the thalamus, 

STN and GPi (Benabid et al. 2000, Benazzouz et al. 1995, Beurrier et al. 2001). This initially 

postulated mechanism of action has been further corroborated by more recent studies 

methodologically based upon concomitant intraoperative recording of neuronal activity and 

application of high frequency stimulation (Welter et al. 2004, Meissner et al. 2005, Filali et al. 

2004, Toleikis et al. 2012). Overall, inhibition of the activity of subthalamic or pallidal target 

neurons may be due to depolarization blockade (K, Na effects), synaptic failure, excitatory 

neurotransmitter depletion (glutamate), hyperpolarization of neuronal cell bodies and dendrites, 

release of inhibitory neurotransmitters (gamma-aminobutyric acid (GABA), adenosine) or 

synaptic inhibition of afferent projections (Lozano and Lipsman 2013). On the other hand, 

experimental, computational modeling and functional imaging studies have highlighted a 

predominantly excitatory effect of subthalamic high-frequency stimulation (STN-HFS) on the 

output of the target nucleus (Garcia et al. 2005, Hilker et al. 2008, Garraux et al. 2011, Novak et 

al. 2009, So et al. 2012) or, most importantly, a decoupling effect of stimulation on somatic and 

axonal activity, i.e. somatic inhibition and deactivation of afferents, and axonal excitation and 

activation of efferents (McIntyre and Grill 2000, 2002, McIntyre et al. 2004 (a),(b),(c), 

McIntyre and Hahn 2010, Vitek 2002, Deniau et al. 2010, Johnson et al. 2013, Kringelbach et 

al. 2007, Grill and McIntyre 2001). At a fiber-pathway level, antidromic activation or synaptic 

effects on neuronal structures connected to the STN, including the SNr, the globus pallidus, the 

SNc, the contralateral STN, the PPN, the cerebral cortex, the thalamus and the superior 

colliculus are well-documented (Burbaud et al. 1994, Benazzouz et al. 1995,  2000, Windels et 

al. 2005,  Maurice et al. 2003, Tai et al. 2003, Degos et al. 2005, Shi et al. 2006, Maltete et al. 

2007, Hashimoto et al. 2003, Dorval et al. 2010,  Hahn et al. 2008, Hahn and McIntyre 2010, 

http://en.wikipedia.org/wiki/Gamma-aminobutyric_acid
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Hilker et al. 2008, 2004, Reese et al. 2008, 2011, Meissner et al. 2002, Lee et al. 2004, 2006 , Li 

et al. 2012, Gubellini et al.2006, Novak et al. 2009, Florio et al. 2007, Jech et al. 2006, Li et al. 

2006,  Pötter-Nerger et al. 2008, Eusebio et al. 2009, Kuriakose et al. 2010, Lehmkuhle et al. 

2009, Xu et al. 2008, Bressand et al. 2002, Garraux et al. 2011, Geday et al. 2009, Guo et al. 

2008, Moran et al. 2012, Rubin and Terman 2004, Santaniello et al. 2010, Sotiropoulos and 

Steinmetz 2007, Volonte et al. 2012, Walker et al. 2011, Whitmer et al. 2012, Zheng et al. 2011, 

Lafreniere-Roula et al. 2012).  

 

Ultimately, the combinatorial effect of stimulation on a sub-cellular, neuronal, and fiber-

pathway level (synaptic inhibition, excitation and antidromic activation) may underlie the 

observed modulation of pathophysiological patterns of neuronal activity within both the 

stimulated nucleus and the basal ganglia-thalamo-cortical circuit (McIntyre and Hahn 2010, 

Grill et al. 2004, Montgomery and Gale 2008, Rosenbaum et al. 2014, Carlson et al. 2010, 

Deniau et al. 2010). In particular, the mechanism of action of DBS for PD, may be primarily 

attributed to the reinforcement-driven regularization of neural firing patterns and the creation of 

an ‗informational lesion‘ in the vicinity of the stimulated nucleus (McConnell et al. 2012, 

Santaniello et al. 2015, Grill et al. 2004), while there are also new indications emphasizing the 

disruptive effect of stimulation on abnormal cortical neural activity (de Hemptinne 2015). 

Noteworthily, using standard therapeutic stimulus parameters, Carlson et al (2010) observed 

that a subset of STN neurons, originally exhibiting bursting or tonic firing, shifted to a more 

random pattern after stimulation. This result is closely linked to the observed alterations in the 

discharge pattern of STN neurons in response to contralateral STN-DBS (Walker et al. 2011) 

and the reported desynchronizing effect of standard HFS (Hauptmann et al. 2007, Rubin et al. 

2012), but also to the concept that STN- DBS modulates pathological patterns of synchronized 

oscillations in the STN (Bronte-Stewart et al. 2009, Eusebio et al. 2011, 2012, Meissner et al. 

2002, Whitmer et al. 2012, Wingeier et al. 2006), thereby controlling motor output (Kuhn et al. 

2008). Most importantly, computational modeling and clinical studies indicate that temporally 

alternative patterns of stimulation hold the potential to drive the neuronal dynamics within the 

basal ganglia back to the normal desynchronized state (Feng et al. 2007(a),(b), Adamchic et al. 

2014). Meanwhile, a possible disease-modifying and neuroprotective effect of STN-DBS 

(Temel et al. 2006 (b), Harnack et al. 2008, Wallace et al. 2007, Spieles-Engemann et al. 2010, 

deSouza et al. 2013, Albanese and Romito 2011, Shon et al. 2010, Van Gompel et al. 2010, 

Grahn et al. 2014) is currently under investigation by a prospective clinical trial (Kahn et al. 

2012). 

 

In relation to the mechanisms associated with the neuropsychiatric side effects of STN-DBS, 

hypotheses vary to a great extent. Σhere is evidence suggesting the alteration of valence-related 
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emotional information processing within the STN as an underlying mechanism of stimulation 

leading to behavioral complications. This alteration can be quantified by means of the event-

related desynchronization of subthalamic alpha activity (Brücke et al. 2007, Huebl et al. 2011). 

Other studies have emphasized the destabilization of the 5-hydroxytryptamine (5-HT) system 

induced by STN-HFS, as a contributing factor to the development of psychiatric side-effects 

(Hartung et al. 2011, Tan et al. 2012 (a), (b)). From an alternative but equally plausible view, 

spread of current to non-motor pathways within and around the STN may be responsible for the 

cognitive and emotional impairment following bilateral STN-DBS (Frankemolle et al. 2010, 

Alberts et al. 2010, Hershey et al. 2010, Mallet et al. 2007, Daniels et al. 2012). The latter 

mechanism may also underlie the stimulation-induced decrease of verbal fluency performance 

(Mikos et al. 2011). 

 

Regarding stimulation effects on alternative targets, evidence is relatively limited. GPi 

stimulation has been proven to abolish low-frequency synchronized oscillations and to rather 

entrain (Cleary et al. 2013, Mc-Cairn and Turner 2009, Bar-Gad et al. 2004, Agnesi et al. 2013) 

than to silence neuronal activity (Dostrovsky et al. 2000, Pirini et al. 2009). On the other hand, 

thalamic DBS may lead to tremor arrest through masking and/or blocking rhythmic firing of 

tremor cells (Kiss et al. 2002). Finally, in relation to the underlying mechanism of action of 

PPTg-DBS, imaging studies have suggested that neuromodulation of the PPN activity may 

induce functional changes in areas of the cerebello-thalamo-cortical circuit involved in the 

control of lower limb movements (Ballanger et al. 2009). 

 

4.4. Rationale and Objective of the Current Analysis 

 
As stated in section 4.1, in the context of microelectrode mapping, automated methods aiming at 

enhanced objectivity and reduced operation time have been extensively investigated 

(Falkenberg et al 2006, Danish et al 2008,  Zaidel et al 2009, Wong et al 2009, Novak et al 

2011, Cagnan et al 2011, Pinzon-Morales et al 2011). In that respect, combinatorial application 

of quantitative features related to the local field potential (LFP) and/or the high-pass filtered 

signal (i.e. the high-frequency background activity or the spiking activity), has been evaluated. 

Whereas multi-feature approaches provide increased accuracy and reliability for STN targeting, 

the use of an unique robust biomarker would substantially simplify and accelerate intraoperative 

nucleus detection. In addition to the aforementioned perspective, a complementary single-

biomarker approach applicable to the process of intraoperative stimulation would lead to 

significant improvement of the entire electrophysiological procedure, by optimizing clinical 

decision making and decreasing total surgical time. 
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There is emerging evidence suggesting correlation of subthalamic oscillatory synchronization 

with clinical impairment in PD (Kühn et al 2009, Pogosyan et al 2010), and, conversely, 

desynchronization of the neuronal activity as a possible mechanism of action of STN-DBS 

(Carlson et al 2010, Walker et al 2011, Hauptmann et al 2007, Modolo and Beuter 2009, Wilson 

et al 2011, Johnson et al 2013). In light of this evidence, the main objective of this study was to 

evaluate collective dynamical and response properties of the subthalamic oscillatory activity as 

crucial hallmarks for the selection of the optimal stimulation site during DBS for PD. 

Specifically, the goal was to assess the applicability of two complementary single-biomarker 

approaches within the principal mapping techniques that are commonly used intraoperatively: 

MER and macrostimulation testing. Within this frame of reference, based upon MERs acquired 

during 10 surgical interventions, a multivariate phase synchronization index (Carmeli et al 2005, 

Allefeld et al 2007, Polychronaki 2011) was initially assessed as a combined measure of local 

and spatially extended oscillatory synchronization (Moran and Bar-Gad 2010), keeping 

susceptibility to measurement noise to a minimum (Rossberg et al 2004, Sun et al 2008). 

Implementation of the proposed index was intended to point to the acceptable trajectories, i.e. 

the trajectories that would be the best candidates for macrostimulation (Marceglia et al 2010). 

This feature was subsequently employed as one of the constituent parameters of a stochastic 

phase model appropriately fitted to pre-selected MERs. Based on this model, the Lyapunov 

exponent (Pikovsky et al 2001) was assessed as a quantity reflecting subthalamic 

synchronization dynamics in response to periodic inputs (130 Hz) and further evaluated its 

predictability in identification of the sites where stimulation yielded the best clinical benefit. 

The entire automatic methodology was evaluated based on the decisions made intraoperatively 

by clinical experts. 

 

4.5. Patients and Methods 

 

4.5.1. Patients and Surgery 

 

During a 1-year period, 10 patients underwent implantation of DBS electrodes in the STN, at 

the Department of Neurosurgery at Evangelismos General Hospital of Athens. Three women 

and seven men participated with informed consent and the permission of the local ethics 

committee. Their ages ranged from 50 to 70 years, with a mean of 60 years. The clinical criteria 

included idiopathic PD (as documented by a positive response to levodopa) with motor 

fluctuations and/or dyskinesias. The mean disease duration was 14.5 years (range: 10–19 years). 

The mean motor Unified Parkinson‘s Disease Rating Scale (UPDRS) score preoperatively in the 

off-medication state was 61.5 (range: 40–75) and 22.9 (range: 12-32) in the on-medication state. 
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Anti-parkinsonian medication was withdrawn at least 12 hours before surgery. Table 4.1 

summarizes patient clinical characteristics.Stereotactic surgery was based on pre-operative 

anatomical targeting of the STN, MER and high frequency test stimulation (Sakas et al 2007(a), 

Boviatsis et al 2010). Patients underwent application of a CRW stereotactic frame (Cosman–

Roberts–Wells – Radionics Inc., Burlington, MA, USA) under local anesthesia and in a way that 

the anterior commissure/posterior commissure (AC-PC) plane was approximately parallel to the 

base plane of the frame. Anatomical targeting of the STN was achieved via both indirect 

visualization according to a stereotactic atlas (Schaltenbrand and Wahren 1977) and direct 

visualization according to an image fusion technique. This technique involved a combination of 

frameless T2-weighted magnetic resonance imaging (MRI) and framebased computed 

tomography (CT) and was developed on a Radionics hardware/ software system (StereoPlan, 

Integra Radionics, Burlington, MA, USA). The coordinates obtained with both indirect and 

direct methods were combined for determination of the anatomical target point used during 

microelectrode mapping. The surgical procedure was performed under local anesthesia. 

Fourteen mm diameter, burr holes were centered over a point anterior to the coronal suture and 

3.4 cm lateral to midline. Stereotactic arc settings ranged from 55o to 70o for declination, and 

slide settings were 10o-15o. Microelectrodes were placed on a five-channel holder with central, 

lateral, medial, anterior and posterior positions, 2 mm apart (Ben‘s gun). The initial point of 

MER was typically within the white matter, superior and rostral to the thalamic reticular shell. 

A micropositioner system (Microtargeting Drive –Medtronic Inc., Minneapolis, MN) was used 

to advance the microelectrode in submillimeter steps. At each site, signals were recorded 

for s10 . Visual and auditory analyses were performed on-line by two clinical experts. The 

electrophysiological criteria used to distinguish the STN were an increased background noise 

level and neuronal firing rate, an irregular pattern of activity and/or cellular responses to passive 

movements of the patients‘ extremities. At the end of MER mapping, the total penetrated length 

of the STN was noted for each recording track. Following determination of the trajectories 

traversing the broadest extent of the nucleus, macrostimulation was performed usually at 3 

selected depth positions with an external pulse generator (Medtronic Screener Model 3625; 

Medtronic, Inc., Minneapolis, MN). The stimulation parameters utilized were a frequency of 

130 Hz, a pulse width of 60 κs and amplitudes up to 5V. Rigidity improvement was judged on 

passive movements of the contralateral wrist, whereas the assessment of side-effects was mainly 

based on observation of certain motor contractions and/or of tonic eye deviation and/or blurred 

vision. Once the site with the best therapeutic window was identified, the DBS lead (Medtronic 

electrodes 3389 and 3387) was advanced 2 mm, in order for the contacts to ‗encompass‘  the 

optimal target point, and finally anchored with a Navigus cap (Image Guided Neurologics, FL, 

USA). Final lead placement was confirmed with fluoroscopy. The same procedure was then 

repeated for the other side, in cases of bilateral surgery. Post-operative MRI was performed
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Table 4.1. Clinical details of patients with advanced PD  

Case 
Age (years) 

and sex 

Disease 

duration 

(years) Hemisphere(s) tested 

Motor 

UPDRS 

ON/OFF 

drugs  

pre-op 

Motor 

UPDRS 

ON/OFF 

drugs  

post-op 

Lev. equiv. 

pre-op/post-

op 

Site with the 

best 

 therapeutic 

window
a 

 

 

 

Clinical 

Outcome 

1 59,f 11 Right STN/Left STN 12/40 14/38 850/750 C 0/A -0.5 Moderate 

2 53,f 16 Right STN 16/52 8/18 1450/600 A -1.0 Excellent 

3 66,m 19 Left STN 28/72 24/62 1000/600 P -2.0 Moderate 

4 53,m 10 Right STN/Left STN 16/53 18/24 1100/300 P 0/ L -2.0 Excellent 

5 62,m 18 Right STN/Left STN 23/68 18/38 1400/500 M -1.0/P 0 Excellent 

6 50,m 16 Right STN 26/66 24/28 1400/450 P 0/C 0 Excellent 

7 70,m 13 Right STN 24/58 20/34 750/450 C -1.0 Excellent 

8 62,m 15 Right STN/Left STN 32/70 30/41 1800/750 P -1.0/P +1.0 Excellent 

9 64,m 14 Right STN 28/75 22/32 1600/600 L -1.5 Excellent 

10 67,f 13 Left STN 24/61 26/54 1150/850 M -1.0 Moderate 

 

m,male; f,female; pre-op, preoperatively; post-op, postoperatively; C,Central; L,Lateral; A,Anterior; P,Posterior; M,Medial. 
a -, mm above anatomical target point (0 mm); +, mm below anatomical target point (0 mm). 
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within 2 days to confirm the location of the DBS electrodes before they were connected to the 

internal pulse generator (IPG) (Kinetra, Medtronic Inc., Minneapolis, MN). 

 

4.5.2. Data Description  

 

A commercially available microrecording system (Leadpoint TM Neural Activity Monitoring 

System, Medtronic Inc., Minneapolis, MN) was used to acquire and store data. Five tungsten 

microelectrodes (2mm apart, tip diameter < 25 κm, Medtronic Inc., Minneapolis, MN) were 

used for recording. The recorded signal was pre-amplified, band-pass filtered between 0.1 Hz 

and 10 kHz and 1000  amplified (Nicolet Vicking IV;  Nicolet Biomedical, Madison, 

USA).The signal was sampled at 24 kHz using a 16-bit A/D converter (CED Power1401, 

Cambridge Electronic Design, Cambridge, UK). In total, data from 70 MER trajectories 

obtained from 10 STN-DBS procedures were retrospectively analyzed in Matlab (Mathworks, 

Inc., Natick, MA), (table 4.1). Initially, the acquired signals were digitally band-pass filtered at 

1-141 Hz and 0.5-10 kHz applying 4-pole Butterworth filters. 

 

4.5.3. Signal Preprocessing 

 

The extracellular signal recorded from the microelectrode (figure 4.1(a)) conveys the sum of 

two complementary signals acquired by the aforementioned frequency-band separation: the 

multi-unit activity reflected in the high frequency signal component and the local field 

potentials (LFPs) reflected in the low-frequency signal component (Logothetis 2002). The LFPs 

predominantly represent synaptic events in a neural population within a large radius (0.5-3mm) 

of the electrode tip (Mitzdorf 1987). By contrast, the multi-unit activity reflects the spiking 

activity of a neural population within a small radius (200-300κm) of the electrode tip 

(Logothetis 2002). The multi-unit activity actually consists of spiking activity of one or just a 

few large isolated cells and background unit activity, which represents the sub-noise level 

spiking activity of the surrounding neural population (Moran and Bar-Gad 2010).  

 

Accordingly, the methods presented here were based on the assessment of multi-scale neuronal 

activity: a. spiking activity quantified through the spike detection process, b. activity of small 

neural populations quantified through the background unit activity extraction process (Moran et 

al 2008), and c. activity of large neural populations reflected in the LFPs (figures 4.1(b)-(d)) . 

 

4.5.3.1. Mechanical Artifacts - Extraction of Spiking and Background Unit Activity
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Occasional events, like vibrational effects, 50/60 Hz power-line interference and static 

discharge may result in high amplitude artifacts (Dolan et al 2009).  Automatic detection and 

elimination of high amplitude artifacts was based on noise level estimation, as proposed by 

Dolan et al (2009). Low amplitude artifacts were also detected and excluded from further 

analysis as described by Cagnan et al (2011). 

 

The spike detection process involved application of morphological criteria based on a five-point 

spike template (Wong et al 2009, Cagnan et al 2011). Specifically, an amplitude threshold set at 

3.5 times the estimated noise level was employed, and hard-coded thresholds for the peak-to-

peak spike width and the distance between zero crossings flanking the candidate spike.   

 

Reconstruction of the background unit activity (figure 4.1(d)) was performed eliminating the 

bias of dominant spikes (Moran et al 2008).Thus, following identification of the spiking 

activity, the surrounding time windows ( 5.0 to 5.2 ms around the spike identification point) 

were removed and the empty segments were replaced by randomly chosen 3-ms spike-free 

windows from the same recorded trace. Small inconsistencies between the real and the inserted 

spike-free segments were considered negligible for power alterations in the low-frequency range 

(Moran and Bar-Gad 2010). 

 

4.5.4. MER - Automatic Detection of STN Borders and Identification of 

Acceptable Trajectories 

 

For automatic delineation of the functional boundaries of the STN during MER based on a 

single-biomarker approach, dynamic interactions were quantified and integrated between pairs 

of the three distinct signals: (1) the spiking activity (2) the background unit activity and (3) the 

local field potentials (figures 4.1(b)-(d)). To this end, phase synchronization analysis was 

performed (Tass et al 1998, Carmeli et al 2005, Allefeld et al 2007, Polychronaki 2011),  

restricted to the beta frequency band, in light of strong evidence that beta oscillatory 

synchronization in the STN is dramatically increased in the pathological state (Kühn et al 2005, 

Weinberger et al 2006, Moran and Bar-Gad 2010).  

 

4.5.4.1.  Envelope Extraction 

 

Importantly, in addition to the LFPs, the envelope of the high-frequency signal component may 

also yield power in the low-frequency range (1-141Hz) (Logothetis 2002, Moran and Bar-Gad 

2010). In that respect, the low-frequency envelope of the background unit activity signal was 

extracted employing the full-wave rectification (FWR) method, before a 4-pole Butterworth 

filter was applied (passband 1-141Hz). This filter was also used in order to recover the low-
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frequency amplitude modulation of the spiking activity. All signals were further down-sampled 

to 1 kHz. 

 

4.5.4.2.  Data-driven Optimal Filtering 

 

On account of the presence of measurement noise (Hurtado et al 2004, Rossberg et al 2004, Sun 

et al 2008), a complex –valued, linear bandpass filter was applied, prior to the phase 

reconstruction procedure as described by Rossberg et al (2004). Particularly, optimization was 

performed under the constraint of a spectral window ranging within 10-33 Hz, taking into 

consideration that beta band activity may also be expressed at frequencies below 13 Hz or above 

33 Hz (Tsirogiannis et al 2009). Exemplary trajectories of the filtered signals ( )(tz ) 

corresponding to the multi-scale neuronal activity are illustrated in figures 4.1(e)-(g). 

 

4.5.4.3. Instantaneous Phase Reconstruction 

 

In order to maximize reliability in the detection of phase synchronization, phase evolution   

was obtained from the complex magnitude of the filtered signal ( )(tz ) by means of the method 

of neighbourhood-based phase estimation (NPE) proposed by Sun et al (2008). Adoption of this 

method was motivated by its improved efficacy over application of the Hilbert transform (figure 

4.2(b)). The principle of NPE is based on Takens‘ theorem (Takens 1981) and on the fact that in 

the phase space reconstructed by time-delay embedding, the state recurrences of a reference 

vector are represented by its nearest neighbours. Selection of embedding dimension d  and 

number of neighbours N (figure 4.2(a)) is discussed in section 7.2.4.6. 

 

4.5.4.4.  Bivariate Phase Synchronization Index 

 

An index based on the Shannon entropy (Tass et al 1998) was employed as a measure for 

bivariate phase synchronization. Specifically, due to the non-stationarity of the data, the analysis 

was performed over a sliding window of 1 s ( 1000M samples) (Hurtado et al 2004) and for 

every sampling point kt the distribution of the  relative phase series 
 
of the interacting 

oscillators was computed, using     301ln4.0626.0exp  MI  bins (Gross et al 2000). The 

entropy of the distribution was calculated as 

 

                                                                 



I

i
iik kpkpth

1

ln ,                                   (4.1)  (A.1)                                                  

 



4    Supporting Clinical Decision Making During Deep Brain Stimulation Surgery  78 

 

 
 

where ip  is the probability corresponding to the ith  bin. The synchronization index used was 

equal to the normalized entropy of the distribution 
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where Ih lnmax  . Obviously,   10  kt , where the value   0kt  corresponds to a uniform 

distribution (unsynchronized time series), whereas the value 1)( kt  corresponds to perfect 

synchronization. 

 

Eventually, at each recording site along a specific trajectory, a set of  synchronization index 

time series  t2,1  ,  t3,1  and  t3,2  
corresponding to the pairs of the oscillatory signals 

(spiking activity - background unit activity, spiking activity - LFPs and background unit activity 

- LFPs) was assessed and their mean amplitudes 2,1 , 3,1 , 3,2  were retrieved (figures 4.3(e) 

– (g)).   

 

4.5.4.5. STN Detection and Determination of Acceptable MER Trajectories 

 

For delineation of the STN borders based on a robust single biomarker, a multivariate phase 

synchronization measure was used (figure 4.3(h)) as a means to quantify dynamic interactions 

between the three scales ( 3K ) of neuronal populations (Carmeli et al 2005) given by 
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'   belonging to the KK   matrix of 

bivariate phase synchronization indices (Allefeld et al 2007, Polychronaki 2011). In particular, 

eigenvalue decomposition was applied on the following matrix: 
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                                            (e)                                                                                      (f)                                                                                        (g) 

Figure 4.1. Multi-scale neuronal activity and optimal filtering. (a) Example of a raw extracellular signal recorded in the right STN, case 2 (recording site depth: A +0.5). (b)-(d) The three derived 

signals: LFPs, spiking activity (a.u.=arbitrary units) and background unit activity, respectively. (e)-(g) The trajectories of the filtered signals )(tz  (see section 7.2.4.2) obtained from series (b)-(d), 

respectively, after_low-frequency_amplitude_modulation_(of_series_(c)_and_(d))_and_down-sampling_to_1_kHz
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A MER trajectory was considered acceptable if there existed a distance mm3 (Marceglia et al 

2010) along which Q remained above the synchronization index threshold thresQ (evaluation of 

thresQ is described in the next paragraph).The first site (located dorsally) along that distance was 

defined as the dorsal border of the STN, whereas the last site (located ventrally) was defined as 

the ventral border of the STN. The detection process described is evaluated in section 3 with 

respect to its efficacy to point to acceptable MER trajectories that are likely to be further 

considered during macrostimulation testing. 

 

4.5.4.6.   Optimal Embedding Parameters and Threshold Calculation 

 

In order to determine the optimal embedding dimension and number of nearest neighbors for the 

NPE method, the evolution of the mean value of synchronization index Q  within the STN 

boundaries as a function of these parameters was examined, in a total of 21 trajectories defined 

as acceptable by the clinical experts (figure 4.2(a)).  Results showed that Q  increased very 

slowly after 
N  had reached particular values ( 5040  N ) even for small values of 

embedding dimension ( 3d ). On the other hand, over-embedding ( 11d ) reduced markedly 

the performance of the method. N was set at 70 and d at 3, since these values yielded the 

maximal estimate of synchronization index Q .Synchronization index threshold thresQ was 

determined by optimizing the performance of the STN-detection method with respect to the 

annotations made intraoperatively. Specifically, thresQ was defined as the maximum threshold 

whose application minimized the false negative and false positive rates in the 70 - MER - 

trajectories data set ( 37.0thres Q ). 

 

4.5.5. Macrostimulation - Automatic Assessment of the Sites Related to the Most 

Beneficial Clinical Response 

 

Automatic determination of the sites where intraoperative test macrostimulation conferred 

greater clinical effectiveness, was based on increasing evidence that the beneficial effects of 

STN-DBS are mediated by modification of the abnormal firing pattern in the STN and 

disruption of neural population synchrony (Carlson et al 2010, Walker et al 2011, Hauptmann et 

al 2007, Modolo and Beuter 2009, Wilson et al 2011, Johnson et al 2013). Thereupon, 

employing a stochastic phase model and using the multivariate phase synchronization index Q  

as one of its constituent parameters, the neuronal response to macrostimulation at selected 

recording sites was simulated. This response could be quantified by means of a distinct single 

biomarker, the Lyapunov exponent. In the context of nonlinear dynamics, the Lyapunov 

exponent characterizes the convergence/divergence properties of two nearby trajectories in the  
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Figure 4.2. Selection of optimal parameters for the NPE method and reconstruction of the relative phase series. (a) Mean value of synchronization index Q  within the STN boundaries for a range of 

combinations of embedding dimension d  and number of neighbours N , averaged over 21 MER trajectories to which a positive detection was ascribed by the clinical experts. (b) The top panel shows 

the unwrapped relative phase series 2,1 , corresponding to the pair of the oscillatory signals presented in figures 4.1. (c)-(d).The red line indicates the result obtained based on combinatorial 

application of data-driven optimal filtering and the NPE method. The black line indicates the result that would be obtained, in case a traditional linear band-pass filter in combination with the Hilbert 

transform were applied. In the lower panel, the respective distributions  2,1P  of the wrapped relative phase series are depicted
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Figure 4.3. Assessment of the multivariate phase synchronization index Q  along the lateral trajectory in the right hemisphere of case 1. (a) Planning of the target based on the image fusion hardware 

system (StereoPlan, Integra Radionics, Burlington, MA, USA). (b) s10 MER epochs obtained in sub-millimeter steps. Depth value 0  corresponds to the anatomical target point determined 

preoperatively. (c) – (d) Respective changes in firing rate and noise level. (e) – (g) The mean amplitudes 2,1 , 3,1  and 3,2
 
of the bivariate phase synchronization indices as a function of the 

recording site depth. (h) The multivariate phase synchronization indexQ . The dashed horizontal line indicates the generic threshold 37.0thres Q . The dark region corresponds to the STN length 

determined_intraoperatively_by_the_clinical experts. 

    (e)                                                                                (f)                                                                               (g)                                                                                 (h) 
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phase space (Pikovsky et al 2001). Positive values of the Lyapunov exponent indicate 

desynchronization. Based on the aforementioned facts, the Lyapunov exponent was examined as 

an implicit indicator of the clinical effectiveness of stimulation during DBS surgery.  

 

4.5.6. Phase Reduction: Some Basic Concepts 

 

In the context of phase reduction, neural oscillators can be described by a single phase variable, 

  (Izhikevich 2007). In case of tonic spiking, the definition of the phase of an oscillation is 

associated with the parametrization of its limit-cycle attractor, i.e. the phase may be considered as 

a circular variable representing how far the oscillation has progressed along its limit cycle. The 

phase is usually dimensionless and defined on [0, 1) or [0, 2π) (Ermentrout et al. 2011).  

 

Neural oscillators are characterized by an associated phase-resetting curve (PRC) (Kuramoto 

1984, Winfree 2001), which is ‗a vital entity for modeling the biophysical dynamics of 

oscillators‘ (Ly 2014). Particularly, it quantifies the magnitude of the phase shift of a spike train 

due to the implementation of an external perturbation. This magnitude, , depends on the exact 

timing of the stimulus relative to the phase of oscillation (Izhikevich 2007) (figure 4.4): 

 

                                                           new)(        (4.5) 

 

The infinitesimal phase response curve (iPRC) gives the phase sensitivity to an infinitesimal 

perturbation. 

 

Though PRCs are highly heterogeneous, since they crucially depend on the neuron‘s biophysical 

profile (ionic currents, firing rate etc.), they may be generally classified into two board categories 

in the context of weak resetting: type I (1+cos(2πζ)) and type II (-sin(2πζ)). These categories may 

be condensed by means of the following formula (Ly 2014) (figure 4.4): 

 

                      2/,0,sin)2sin()(   k    (4.6) 

 

and 

  1sin

1

2 




k  is a normalizing constant. 

 

Strong resetting may result in a type 0 (discontinuous) PRC with mean slope 0. 

 

It has been proven that oscillators with Type II PRCs receiving common noisy input sychronize 

more readily than those with Type I PRCs (Abouzeid and Ermentrout 2009). In addition to  
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Figure 4.4. (A) Two trajectories of a spontaneously active neuron firing with period Tc are shown, one unperturbed 

(black) and one perturbed by the stimulus presented at period Ts. The phase-dependent change in the period caused by 

the stimulus is Δt. Stimulation latencies relative to cell firing are indicated by ts, and response latencies relative to the 

stimulus are labeled tr (Wilson et al. 2011) (B) Types of phase resetting curves (Ly 2014). 

 

common noise, however, global coupling may also exert a significant effect on neuronal 

synchronization (Nagai and Kori 2010). 

 

4.5.6.1. The Phase Model 

 

The following Langevin equation (by virtue of the Stratonovich interpretation (Gardiner 1994)) 

describing an ensemble of N globally coupled identical phase oscillators, driven by intrinsic 

independent and extrinsic common noises, but also subject to periodic forcing  is considered 

(figure 4.5):         

                     

               
 k
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j
ij

i kTtΔtRtR
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t
sCCII

1

,2sin
d

d




    

      (4.7)                             

 

Here  1,0i   is the phase variable of the ith oscillator,   is its natural frequency and 0K  is 

the coupling strength.  ti  is assumed to be zero mean Gaussian white noise, added 

independently to each oscillator, with correlation specified by      tttt ijji   , where 

1ij  if ji   and 0 if ji  .  t is regarded as colored noise with zero mean and unitary  
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Figure 4.5. Block diagram of the stochastic phase model 

 

variance, i.e. with autocorrelation function       Ce
2

1
0

C






t

ttC


 . Thus,  t  can be 

regarded as an Ornstein-Uhlenbeck process with correlation time C  (Gardiner 1994). I  and 

C  
are small parameters representing the intensity of independent and common noise, 

respectively.  iR C  and  iR I  are phase sensitivity functions that represent the linear response 

of the phase variable i  to the respective infinitesimal noise perturbations, while   ,iΔ  is the 

phase response curve (PRC) to a single (DBS) impulse (Kuramoto 1984, Winfree 2001).   

represents the stimulus amplitude, Hz130s T  is the period of the stimulation and  k0 .   

 

Taking into consideration that for weak Gaussian common driving noise, a Type-II PRC is 

optimal for stochastic synchronization (Abouzeid and Ermentrout 2009), this shape is used for the 

phase sensitivity to common noise in order to simulate the state of pathological synchronization 

in PD. A Type-I PRC is selected for the phase sensitivity to independent noise. Both PRCs are 

normalized as   1d
1

0

2  R . 

 

Accordingly the following functions are considered: 
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                                                     (4.8)    
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(4.9)  (B.2) 

 

Differently, there is evidence that the type 0 PRC may be optimal for stochastic 

desynchronization (Hata et al 2011). Hence, in order to simulate the desynchronizing effect of 

DBS, Δ(θ,0) is considered equal to zero and 
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where 100   . 

Introducing the (complex) Kuramoto order parameter defined by 



N

j
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N
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e
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(Kuramoto 1984), (4.7) can be rewritten as (Strogatz 2000): 
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      (4.11) 

 

where r characterizes the degree of synchrony and  is the mean phase of the oscillators. Next, 

defining the effective drift and diffusion coefficients (Nakao et al 2010) 
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(4.12) 

 

the following white-noise Langevin equation is obtained:  
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      (4.13)          

or 
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         (4.14) 

 

The Stratonovich eq. (4.14) is converted to an equivalent Itν stochastic differential equation 

(Gardiner 1994):
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Phase eq. (4.15) is solved through the stochastic map from one stimulus cycle to the next (Nesse 

and Clark 2010). The phase dynamics during the inter-impulse interval sT  is described by      
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where  tW  is a Wiener process with probability density function 
tW

f , which is a Gaussian with 

zero mean and variance sT  .

 

The stochastic map is defined by the (―modulo-one‖) Perron-

Frobenius operator F , that maps the density of phases at the time of the  thn 1  impulse, 

 1np , onto the density of phases at the time of the nth   impulse,  np  (Ermentrout and 

Saunders 2006, Nesse et al 2007, Yamanobe and Pakdaman 2002): 
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and discretizing the density into 500M bins of size Μ/1 , we obtain:   
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Hence, the stochastic map is approximated using a 500500  transition matrix (stochastic kernel) 

having all positive entries and a spectral radius of 1 (figure 4.6). This matrix possessed the strong 

Perron-Frobenius property (Noutsos and Tsatsomeros 2008). The iterated mapping (4.17) 

converges to the steady-state phase distribution (invariant density) after h   number of stimuli:  
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                                                       (4.20) 

 

This distribution is represented by the eigenvector corresponding to the dominant (unit) 

eigenvalue of A  (figures 4.6 (j) - (l)).To quantify the stability of the synchronized states the 

Lyapunov exponent is calculated (figure 4.7), using phase map (4.16), as (Pikovsky et al 2001, 

Teramae and Tanaka 2004): 
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(4.21)

   

                                         

      

  

 

4.5.6.2.  Determination of Model Parameters 

 

For each depth position selected for macrostimulation, there are eight parameters that must be 

estimated in the phase model (4.13): , r , K ,  , C , v , D  and I . We set 1   according to 

Wilson et al (2011). We also consider 0 . The remaining parameters are estimated on the 

basis of the respective signal acquired during MER, which is considered to reflect a no-input 

stimulus epoch (figure 4.8). The modulus r  of the order parameter is set equal to the value of the 

phase synchronization indexQ , estimated in 4.2.4.5. Coupling strength K  is estimated by 

(Allefeld and Kuhrts 2004, Allefeld et al 2007): 
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2K                                                           (4.22) 

 

where 1  is the largest eigenvalue of matrix (4. 4) and   is the first element of the 

corresponding eigenvector.  

 

As indicated by (4.12), calculation of parameters v  and D  is dependent on estimation of C  
and 

 tC . The intensity of common noise C  
is determined through evaluation of the power 

spectraldensity function of the background unit activity (Moran and Bar-Gad 2010) using 

Welch‘s method, while the autocorrelation function of this signal is used as an estimate of  tC . 

 

Once the above parameters were estimated, we proceed to evaluate the intensity of independent 

noise I , through definition of the first passage time problem for the phase model (4.15) with no 

input; let  t,  represent the probability density function of phases at time t . The corresponding 

Fokker-Planck equation is (Gardiner 1994) 
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with periodic boundary condition  

 

                                                                           tt ,1,0   .                                                  (4.24)  (C.2)                                                                                              

 

Extending the definition of the phase from  1,0   to   and considering 1I    we obtain 

the following approximations (Ly and Ermentrout 2011) 

 

                                           tRR II   and      tKrKr   2sin2sin                 (4.25)  (C.3)  

 

The Fokker-Planck equation for the corresponding probability density function  t,  is 
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     (d)                                                                (e)                                                                (f) 

 

 

                                                                                                                                                                 

 

Figure 4.6. (a)-(i) Stochastic kernel functions   ,A  based on MERs at: (a)-(c) C 0, right STN, case 1, 

for 0 , 5 and 10 , respectively, (d)-(f) P +2, right STN, case 5, for 0 , 5 and 10 , respectively and 

(g)-(i) P +2, right STN, case 6, for 0 , 5 and 10 ,  respectively. (j)-(l) Steady-state phase distributions for 0  

(red line),
 

5  (gray line) and 10  (black line), corresponding to the cases described in (a)-(c), (d)-(f) and (g)-(i). 

(a)                                                                (b)                                                               (c) 

 (g)                                                               (h)                                                               (i) 

    (j)                                                                  (k)                                                               (l) 
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(b) 

Figure 4.7. The Lyapunov exponent,   as a function of stimulus amplitude   for a pair of acceptable trajectories in two 

distinct cases. (a) Left panels: the Lyapunov exponent,   at three pre-selected sites of central (upper) and lateral (lower) 

trajectory, right hemisphere, case 1. Asterisks denote significant differences. Right panel: sites where the highest values of 

 were obtained for each of the acceptable trajectories. At these sites, values of   between the 2 trajectories were not 

significantly different. Circled is the optimal target point according to clinical decision. (b) Left panels: the Lyapunov 

exponent,   at three pre-selected sites of lateral (upper) and central (lower) trajectory, left hemisphere, case 4. Right panel: 

sites where the highest values of  were obtained for each of the acceptable trajectories. At these sites, values of   between 

the 2 trajectories were not significantly different.Circled is the optimal target point according to clinical decision.  
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Figure 4.8. Parameter values based on MERs along 21 trajectories selected for macrostimulation testing by the clinical experts. 

For each trajectory, parameters are assessed at 3 site depths selected for intraoperative macrostimulation. Parameters depicted are 

(a) effective drift coefficient, v  (b) effective diffusion coefficient, D  (c) coupling strength, K  (d) modulus of the order 

parameter, r  (e) intensity of common noise, C  and (f) intensity of independent noise, I . 
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An analytic solution to (4.26) is 
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(C.6)

                                                        

 

 

Respectively, the first passage time distribution is simply  
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Finally, maximization of the log likelihood function L  over I , yields an estimate for I  (Nesse 

and Clark 2010): 
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where iΔt
 
are the interspike interval (ISI) data. 

 

4.5.7. Performance Evaluation 

 

To assess the performance of the entire automatic methodology, the dataset of the decisions made 

intraoperatively by two clinical experts was used as the gold standard. 

 

Significant changes in the multivariate phase synchronization index within the intraoperatively 

determined STN length were evaluated by applying a two-sample t-test (statistical significance 

was defined at 05.0p ).  Additionally, stability of the phase synchronization indices in the 

presence of measurement noise was assessed and compared with the stability of firing rate and 

noise level measures within the STN boundaries. Comparative assessment was based on 

evaluation of the standard deviation of the corresponding normalized measures (two-sample t-

test, 05.0p ). Normalization was performed by dividing each measure by its mean value within 
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the intraoperatively determined STN length. Finally the number of trajectories traversing the STN 

according to the automatic method and the clinical experts was comparatively assessed and the 

sensitivity of the method in detecting the dorsal and ventral borders of the STN was determined.  

 

Performance of the stochastic dynamical model for designation of the sites where stimulation 

yielded the best clinical benefit was assessed evaluating the sensitivity of the corresponding 

method under two principal conditions (two-sample t-test, 05.0p ). 

 

4.6. Results 

 

4.6.1. Determination of Acceptable MER Trajectories 

 

According to the annotations made intraoperatively by the clinical experts, 40 out of 70 

trajectories penetrated a subthalamic dorsoventral extent greater than 3 mm. With reference to 

these positive detections Q  displayed significantly higher average values within the STN 

compared to its average values within neighboring structures ( 1110p ).  Figure 4.3 displays an 

application example of the STN detection methodology, i.e. on the lateral trajectory, in the right 

STN of case 1. Importantly, there is a striking difference between the stability of firing rate and 

noise level values and the stability of phase synchronization index Q , observed within the STN. 

This result provides an indication for the robustness of phase synchronization index despite the 

presence of measurement noise. Overall, multivariate phase synchronization index Q  displayed  

significantly higher stability within the STN compared with firing rate ( 1710p ) and noise 

level measures ( 810p ) (figure 4.9).  

 

Principally, the STN detection methodology demonstrated a false negative rate (FNR) of 4.8% 

and a false positive rate (FPR) of 0%. With reference to the true positive detections, the mean 

depth of the STN dorsal border according to the automatic algorithm was 0.0357 ± 0.1336 mm 

above the STN entry designated by the clinical experts. The mean depth of the STN ventral 

border was 0.0714 ± 0.3852 mm above the STN exit determined intraoperatively. Using a 

precision criterion of 0.5 mm within the current gold standard, the STN detection methodology 

yielded sensitivities of 100% and 92% for the STN dorsal and ventral border, respectively (table 

4.2).  

 

Interestingly, performance of the STN detection methodology based on the bivariate phase 

synchronization indices 2,1  
and 3,1 , was identical to the one based on synchronization index  
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Figure 4.9. Standard deviation of the normalized firing rate, noise level and multivariate phase 

synchronization measures within the intraoperatively determined STN length, for 40 trajectories to which a 

positive detection was ascribed by the clinical experts. Principally,Q displayed significantly higher stability 

within the STN compared with firing rate and noise level measures ( 05.0p ). 

 

Q (table 4.2). However, it should be pointed out, that the specific value of the multivariate 

synchronization index Q  lied in its particular utility as a model parameter (section 7.2.5.2).  

 

On the other hand, phase synchronization index 3,2  displayed no discriminating power, as its 

average values
 
within the STN

 
were not significantly different from the average values outside 

the STN ( 9893.0p ). This observation may reflect the fact that there exists a sparse correlation 

within the surrounding neural population not only within but also across the STN boundaries 

(Moran and Bar-Gad 2010).  

 

4.6.2.  Predictability of the Lyapunov Exponent of the Stochastic Model in 

Identification of the Sites where Stimulation yielded the Best Clinical Benefit 

 

Figure 4.6 depicts the stochastic kernel functions and invariant densities (obtained using (4.19)) 

for different values of stimulus amplitude  , derived based on MERs at three distinct site depths 

assessed for intraoperative macrostimulation. For 0 , the proposed phase model the proposed 

phase model reproduces the pathological synchronized state (ϕ = ϕ'), which appears to be more 

intense in case 1 than in cases 5 and 6. With increasing  , the obtained states become gradually 

less synchronized in all cases. This observation was general across all site depths examined and 

strongly suggested that the desynchronizing effect of periodic stimulation was captured and 

validated by the current model. Figure 4.8 depicts a set of parameter values, derived based on 21 

MER trajectories considered appropriate for macrostimulation testing by the clinical experts. The 

following observations are made: first and foremost, effective drift coefficient v  was always 

negative, as indicated by Nakao et al 2010. Secondly, coupling strength K  was positive, a 
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criterion imposed on phase model (4.7).  Last, the condition 1I   was always satisfied, while 

for common noise, moderate intensities were obtained. 

 

Figure 4.7 displays the Lyapunov exponent as a function of stimulus amplitude, derived based on 

the analysis of MERs, at different site depths and trajectories selected for intraoperative 

macrostimulation. Overall, the Lyapunov exponent gradually increased with increasing stimulus 

amplitude. This fact provided further corroboration that the proposed model held the ability to 

simulate the desynchronizing effect of stimulation. For each case in figure 4.7, 2 trajectories 

Table 4.2. Performance of the STN detection methodology. 

 

Index FPR FNR 

Sensitivity for 

the STN 

dorsal bordera 

Sensitivity for 

the STN 

ventral bordera 

Q  

 

 

 

 

 

 

 

0% 4.8% 100% 92% 

2,1  0% 4.8% 100% 92% 

3,1  0% 4.8% 100% 92% 

3,2  - - - - 

a within 0.5 mm accuracy of the current gold standard. 

 

Table 4.3.  Performance of the stochastic model under 2 principal 

conditionsa,b for designation of the optimal stimulation site. 

 

Measure 

 

  

 

Sensitivity 

 

 


a 

 

 

 

 

 

 

  78.57%  

    
b

 
  71.43%  

 a Values of   within the optimal trajectory were for no other site 

significantly higher than the values derived for the optimal stimulation 

site (according to clinical decision) ( 05.0p ). 

 

 
b In addition to a, there was no site along the alternative trajectory for 

which the derived exponent was significantly higher than the one 

corresponding to the finally selected  site ( 05.0p ). 

 

 

 

 

 

 

 

 

 



4    Supporting Clinical Decision Making During Deep Brain Stimulation Surgery  97 

 

 
 

traversing the broadest extent of the nucleus (i.e. defined as acceptable by the clinical experts) are 

examined. The optimal target points according to clinical decision are C 0 (case 1) and L -2.0 

(case 4) (table 4.1). In the aforementioned cases, values of the Lyapunov exponent are for no 

other site significantly higher than values for the optimal stimulation site ( 05.0p ), within the 

trajectory along which the best stimulation effects are obtained. Comparing results between  

trajectories, there is no site along the alternative trajectory for which the derived exponent is 

significantly higher than the one corresponding to the finally selected site ( 05.0p ).   

 

In general, considering as true positive the result obtained under the condition that the derived 

values of   were not significantly higher for the nearby sites than the values derived for the 

optimal stimulation site ( 05.0p ), the proposed method yielded a sensitivity of 78.57%. 

Strengthening the condition by including comparative assessment of the Lyapunov exponent 

between two MER trajectories, the method yielded a sensitivity of 71.43% (table 4.3). 

 

Figure 4.10 provides an integrated visualization scheme of the procedure of clinical decision 

making during DBS surgery, based on the proposed stochastic model. Initially, synchronization 

index, Q  was comparatively assessed for the five trajectories (central, anterior, posterior, medial 

and lateral). Accordingly, the acceptable trajectories could be determined as described in 4.6.4.5. 

Subsequently, values of biomarker Q at specific sites of the acceptable trajectories were 

employed as one of the inputs (parameters) to the stochastic phase model, while the respective 

values of biomarker   actually reflected the output of the model. Eventually, sites where the 

highest positive values of   were obtained, were considered as the sites where stimulation 

yielded the best clinical benefit. 

 

Remarkably, the proposed stochastic model corroborated the increased effectiveness of high 

frequency stimulation compared with low frequency stimulation in PD (Rizzone et al 2001, Moro 

et al 2002), (figure 4.11). Importantly, however, stimulation at beta frequencies did not further 

synchronize oscillatory activity, as indicated by positive values of the Lyapunov exponent. This 

observation is in agreement with the study of Tsang et al (2012), who suggested that beta 

frequencies did not worsen PD motor signs. 

 

4.7. Discussion 

 

Physiologically guided neurosurgery has been adopted by the majority of DBS centers and will 

apparently continue to be a powerful practice in the field of stereotactic and functional 

neurosurgery for many years to come (Lozano et al 2010 (b), Abosch et al 2013). Development of 

related automatic methodologies having the potential to be intraoperatively incorporated, thereby 
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Figure 4.10. The proposed scheme for clinical decision making during DBS surgery for PD, based on the stochastic dynamical 

model. (a) Assessment of the multivariate phase synchronization index Q
 
across 5 trajectories of left STN, case 4. (b) Determination 

of the 2 acceptable trajectories, including the one traversing the broadest extent of the nucleus. Biomarker Q
 
was subsequently used 

as one of the constituent parameters of the stochastic phase model through which we defined (c) the Lyapunov exponent,   as a 

function of stimulus amplitude  , at 3 pre-selected recording sites, for both acceptable trajectories. Asterisks denote significant 

differences. (d) Sites where the highest values of  were obtained according to (c) for each of the acceptable trajectories. At these 

sites, values of  between the 2 trajectories were not significantly different. Circled is the site finally selected by the clinical experts.

(a)                                                                 (b)                                                               (c)                                             (d) 
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 (a)                                                                                          (b)                               

Figure 4.11. Increased effectiveness of high frequency stimulation corroborated by the stochastic phase 

model. The Lyapunov exponent   as a function of stimulus amplitude  , at sites (a) C 0, right STN, case 

7 and (b) C -1.5, right STN, case 9, for three different stimulation frequencies (20 Hz, 75 Hz and 130 Hz). 

 

leading to significant reduction of surgical time and optimization of clinical decision making, is 

therefore of practical importance. Several studies have suggested certain STN detection 

algorithms, based mainly on combinations of quantitative measures  (Falkenberg et al 2006, 

Danish et al 2008,  Zaidel et al 2009, Wong et al 2009, Cagnan et al 2011, Pinzon-Morales et al  

2011). Nevertheless, application of a robust single-biomarker approach, having the inherent 

potential to simplify and accelerate intraoperative nucleus detection, has not been reported in the 

literature before. Most importantly, to the best of our knowledge, no extensive study has to date 

been published on an automatic algorithm applicable to the entire electrophysiological procedure, 

i.e. encompassing both MER and intraoperative stimulation, and pointing to the finally selected 

site for implantation of the DBS electrode.  

 

Pathological synchronization is considered to be related to the severity of motor impairment in 

PD (Kühn et al 2009, Pogosyan et al 2010). Furthermore, there is recent electrophysiological 

evidence regarding patients with movement disorders but also modeling studies suggesting that 

alterations in the abnormal discharge pattern of STN neurons and disruption of neuronal 

synchronization probably explain the therapeutic mechanism of action of STN-DBS (Carlson et al 

2010, Walker et al 2011, Hauptmann et al 2007, Modolo and Beuter 2009, Wilson et al 2011, 

Johnson et al 2013). Both of the above facts implicitly point to the possible usefulness of methods 

from stochastic nonlinear dynamics in the context of clinical decision making during surgical 

implantation of the DBS electrode. In that vein, in the present work, an attempt was made to 

develop a novel integrated approach based on two principal biomarkers, the multivariate phase 

synchronization index, Q  and the Lyapunov exponent,  of a stochastic phase model, for optimal 

target identification during DBS surgery. To address this goal, we relied on the assessment of 

multi-scale neuronal activity through MER. Essentially, the presence of noise constituted a key 

factor for the twofold objective of the current study: on the one hand, application of phase 

synchronization indices had to be robust against the impact of measurement noise, while on the 
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other hand, intrinsic and extrinsic components of the noise were of paramount importance in the 

phase model employed. 

 

The results of this work signified the high discriminative power of multivariate phase 

synchronization index, Q  (as well as of the bivariate phase synchronization indices 2,1  
and 

3,1 ) 
 
in the context of STN localization, a procedure forming the first part of 

electrophysiological monitoring (Marceglia et al 2010). Application of data-driven optimal 

filtering on the examined signal components (Rossberg et al 2004) in combination with 

neighbourhood-based phase estimation (Sun et al 2008) ensured remarkable stability of feature 

evolution inside the nucleus against the presence of noise. To the best of our knowledge a single-

biomarker approach displaying similar stability for intraoperative nucleus detection has not been 

presented in the literature before. This biomarker was subsequently exploited as one of the 

constituent parameters of the stochastic phase model. Principally, the proposed model held the 

ability to reproduce the desynchronizing effect of periodic stimulation. This fact was validated 

through both the invariant measure and the Lyapunov exponent, ι of the stochastic phase map. 

There are two principal reasons that could have contributed to this result. Firstly, selection of a 

Type-II PRC as the phase sensitivity function to common (extrinsic) noise (Abouzeid and 

Ermentrout 2009), guaranteed to a great extent that the model would simulate the pathological 

synchronous state in the absence of any stimulus, yielding a negative Lyapunov exponent. On the 

contrary, a Type- I PRC would rather be linked to the normal desynchronized state (Farries and 

Wilson 2012). Secondly, application of a type 0 PRC, potentially optimal for stochastic 

desynchronization (Hata et al 2011), contributed to simulation of one of the hypothetical 

mechanisms of high frequency stimulation. Eventually, on the basis of the simulations proposed, 

a neurosurgeon may be able to determine the optimal stimulation sites with enhanced sensitivity. 

 

The proposed phase model was developed incorporating multiple factors affecting neuronal 

dynamics: neuronal coupling, intrinsic independent and extrinsic common noise sources, and 

periodic forcing. Thus, the derived Lyapunov exponent, ι was combinatorially correlated with the 

set of the respective parameter values and not uniquely determined by multivariate phase 

synchronization index, Q. Some previous studies (Tass et al 2006, Nabi et al 2013) have 

suggested similar models in the framework of desynchronizing stimulation, yet only embodying 

the effect of intrinsic noise, disregarding extrinsic noise sources (Teramae and Tanaka 2004). 

Additionally, the above models did not consider the phase dependence of the noise (Ermentrout 

and Saunders 2006), thus noise forcing was not necessarily multiplicative (Ly and Ermentrout 

2011). Most importantly, in this work, intending to implement a more realistic model, common 

noise has been considered as colored, namely as an Ornstein-Uhlenbeck process with specific 

correlation time (Galán 2009). For this reason, a transformation of the initial phase model to a 
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white noise Langevin equation has been required, introducing the effective drift and diffusion 

coefficients (Nakao et al 2010).  

 

In what concerns the simplifications and limitations of the presented approach, first and foremost, 

application of the proposed method cannot be regarded as a complete substitute for functional 

stimulation techniques. Assessment of stimulation-induced side-effects is undoubtedly a 

significant factor in clinical decision making during intraoperative macrostimulation (Schlaier et 

al 2013) and was not quantitatively incorporated in the present study. However, it should be 

pointed out that intraoperative quantification of the therapeutic window (intensity threshold for 

side effects/intensity threshold for clinical effects) depends to a large extent on the assessment of 

the therapeutic effects of stimulation (Marceglia et al 2010). Besides, a relatively low threshold 

for the appearance of clinical effects is evidently associated with reduced probability that a side-

effect will be evoked at the same intensity, since the most common side effects induced by STN-

DBS, i.e. pyramidal tract side effects, occur at a median amplitude of 4.8V (Tommasi et al 2008). 

The above facts in combination with the good consistency of the proposed scheme with expert 

annotations, assign a specific value to the presented approach. Considering further the limitations 

of this work, the fact that single units are not isolated prior to feature evaluation would likely 

have influenced the results of our study. Still, similar approaches in the context of automatic 

algorithms for nucleus localization have been adopted by other studies as well (Wong et al 2009, 

Cagnan et al 2011). Last, it should be noted that the extent to which simulations of the stochastic 

model would be distinct for different types of phase response functions to the noise sources was 

not hereby characterized.  

 

Further perspectives include assessment of the predictive value of the stochastic model 

considering data from more patients and other clinical implementations of DBS (Mallet et al 

2008, Chabardès et al 2013, Fytagoridis et al 2012). Particularly, in patients with obsessive-

compulsive disorder (OCD), evidence that the efficacy of STN-DBS probably lies in alteration of 

the abnormal bursty activity pattern observed in the associative-limbic part of the nucleus (Piallat 

et al 2010, Welter et al 2011) implicitly indicates possible suitability of the current approach for 

DBS electrode localization. At the same time, appropriate modification of the presented 

methodology to include quantitative measures reflecting the evaluation of stimulation-induced 

side effects is expected to enhance its practicability in the surgical procedure. Furthermore, in 

light of evidence pointing to a possible correlation between intra- and postoperative outcomes of 

clinical evaluation (Xie et al 2010), proper adaptation of the proposed scheme to DBS 

programming could potentially facilitate clinical decision making postoperatively. Finally, due to 

the considerably realistic nature of the stochastic phase model employed, model variations could 

prove useful for investigating the clinical efficacy induced by alternative patterns of DBS 

stimulation (Brocker et al 2012), as described in the following chapter. 
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Temporal pattern of stimulation is a new dimension of therapeutic innovation.  

 

                                                                                                                                               W M Grill (2015)1 

 

 

 

Abstract 

 

Objective. Recent experimental and computational modeling evidence has signified the efficiency 

of alternative patterns of stimulation; however, no indications exist for treatment-refractory OCD. 

Here, we comparatively simulate the desynchronizing effect of standard (regular at 130Hz) versus 

temporally alternative (in terms of frequency, temporal variability and the existence of bursts or 

pauses) patterns of STN-DBS for PD and OCD, by means of a stochastic dynamical model and 

two microelectrode recording (MER) datasets. Approach. The stochastic model is fitted to 

subthalamic MERs acquired during eight surgical interventions for PD and eight surgical 

interventions for OCD. For each dynamical system simulated, we comparatively assess the 

invariant density (steady-state phase distribution), as a measure inversely related to the 

desynchronizing effect yielded by the applied patterns of stimulation. Main results. We 
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demonstrate that high (130 Hz) - and low (80 Hz) - frequency irregular patterns of stimulation, 

and low-frequency periodic stimulation interrupted by bursts of pulses yield in both pathologic 

conditions a significantly stronger desynchronizing effect compared with standard STN-DBS and 

distinct alternative patterns of stimulation. In PD, values of the invariant density measure are 

proven to be optimal at the dorsolateral oscillatory region of the STN including sites with the 

optimal therapeutic window. Significance. In addition to providing novel insights into the 

efficiency of low-frequency non-regular patterns of STN-DBS for advanced PD and treatment-

refractory OCD, this work points to a possible correlation of a model-based outcome measure 

with the clinical effectiveness of stimulation and may have significant implications for an energy- 

and therapeutically-efficient configuration of a closed-loop neuromodulation system. 

 

5.1. Introduction 

 

It is now increasingly being recognized that application of temporally alternative patterns of 

stimulation could potentially lead to a more effective symptom control, reduced side-effects, and 

lower energy requirements (Sarem-Aslani and Mullet 2011, Gross et al. 2013, Hess et al. 2013). 

Indeed, there is currently a growing body of experimental evidence pointing to an equivalent or 

even improved clinical efficacy of specific characteristics of temporally non-regular compared 

with regular patterns of stimulation. Accordingly, temporally non-regular thalamic DBS has been 

reported to suppress tremor equally effectively with regular stimulation, if there are no long 

pauses (Birdno et al. 2012, Swan et al. 2013). On the contrary, Kuncel et al. (2012) reported that 

thalamic stimulation characterized by pauses for a maximum duration of 40% of the total delivery 

time may be as effective as regular stimulation on tremor reduction. Very interestingly, high-

frequency non-regular STN-DBS, if not highly irregular, has been documented to ameliorate 

bradykinesia in PD more effectively than regular stimulation (Brocker et al. 2013, Swan et al. 

2013). Furthermore, clinical studies addressing the efficacy of high (  130 Hz) versus low-

frequency ( 80 Hz) STN-DBS for PD are pointing to a rather similar or patient-specific effect of 

low-frequency stimulation compared with high-frequency stimulation, in reference to axial 

symptoms (Sidiropoulos et al. 2013, Vallabhajosula et al. 2014, Ricchi et al. 2012), involuntary 

movements (Merola et al. 2013) or overall motor function (Tsang et al. 2012, Khoo et al. 2014).  

 

Appropriately designed waveforms may be advantageous over the traditional rectangular pulse in 

terms of both clinical efficiency and energy consumption (Foutz and McIntyre 2010, Hofmann et 

al. 2011, Wongsarnpigoon and Grill 2010). As well, interleaving programming with two distinct 

amplitudes of stimulation may optimize the clinical outcome of STN-DBS for PD (Wojtecki et al. 

2011). Finally, the protocol of coordinated reset stimulation constitutes a radical deviation from 

standard DBS patterns and has been designed to induce strong neuronal desynchronization and 
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long-term modulation of synaptic plasticity (Tass 2003, Tass et al. 2006, 2012, Tass and 

Hauptmann 2007, 2009, Tass and Majtanik 2006, Hauptmann et al. 2009, Hauptmann and Tass 

2007, 2009, 2010, Hauptmann et al. 2007, Lucken et al. 2013, Lysyansky et al. 2011 (a), (b), 

Popovych and Tass 2012). Two proof-of-principle studies have pointed to the potential efficiency 

of this neuromodulation paradigm (Tass et al. 2012, Adamchic et al. 2014) that is receiving 

increasing attention in the field of DBS over the last years (Rubin et al. 2012, DeLong and 

Wichmann 2012, McIntyre et al. 2014, Lourens et al. 2015).   

 

In view of the fact that temporally alternative patterns of stimulation may lie at the core of closed-

loop DBS strategies (Feng et al. 2007 (b), Wilson and Moehlis 2014) that have been proven 

superior in ameliorating parkinsonism (Rosin et al. 2011), further investigations seem to be of 

importance, in order to gain additional insights into the specific characteristics that render these 

patterns effective for the treatment of movement and neuropsychiatric disorders. 

 

Building upon the hypothesis that standard and temporally alternative patterns of STN-DBS exert 

their local-level effect through desynchronization of subthalamic neuronal activity, in this study, 

we employ methods from stochastic nonlinear dynamics (Gardiner 1985, Kuramoto 1984, 

Winfree 2001, Pikovsky et al. 2001) and two microelectrode recording (MER) datasets to 

comparatively assess the desynchronizing effect of standard (regular at 130Hz) versus eleven 

temporally alternative patterns of STN-DBS for PD and OCD, and to further determine the 

particular pattern characteristics correlated with a significantly stronger desynchronizing effect. 

Particularly, on grounds of the stochastic phase model developed in chapter 4, describing an 

ensemble of globally coupled chaotic oscillators driven by common, independent noises, and 

external forcing (figure 5.1), we evaluate, for a total of 2x96 subthalamic MERs (each dataset 

acquired during STN-DBS for PD and STN-DBS for OCD, respectively) the invariant density 

(steady-state phase distribution) (Hata et al. 2010, Yamanobe 2011), as a quantity herein 

reflecting the desynchronizing effect of the applied patterns of stimulation on the subthalamic 

neural population activity. We corroborate the robustness of this measure in discriminating 

desynchronization scenarios through comparisons with an alternative outcome variable, the 

Lyapunov exponent, and provide indications for its possible correlation with the clinical 

effectiveness of stimulation.  In the same framework, we introduce specific modifications with 

respect to the collective dynamics, parameters and functions of the model, thereby significantly 

increasing its sensitivity. The validity of our approach is supported through important indirect 

evidence. 

 

Stimulation patterns are designed to comparatively assess the desynchronizing effect of 

stimulation with varying temporal characteristics including stimulation frequency and temporal 

regularity. Accordingly, temporally alternative patterns of stimulation include either high-
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frequency (130 Hz) non-regular or low-frequency (80 Hz), regular or non-regular, pulse trains. In 

the same context, we aim to determine the specific characteristics of non-regular stimulation 

patterns correlated with a significantly stronger desynchronizing effect: irregularity per se, long 

pauses or bursts. Respectively, non-regular patterns are either generated by a gamma process with 

increasing degrees of temporal variability (Dorval et al. 2010) or composed of constant-rate 

pulses interrupted by long pauses (Kuncel et al. 2012) or bursts of pulses (Birdno et al. 2012, 

Brocker et al. 2013) (figure 5.2). The desynchronizing effect of the examined patterns of 

stimulation is further assessed at locations of oscillatory activity within the dorsolateral 

sensorimotor region versus locations of non-oscillatory activity within the ventromedial limbic 

region of the STN of patients with PD. The results provide important information relevant to the 

development of therapeutically- and energy-efficient closed-loop DBS systems. 

 

5.2.   Patients and Methods 

 

5.2.1.  Data Description 

  

During an one-year period, 8 patients with idiopathic PD underwent bilateral STN-DBS at the 

Department of Neurosurgery, Evangelismos General Hospital of Athens. Informed consent was 

provided by each patient. Stereotactic surgery and patients‘ clinical characteristics have been 

described in chapter 4 (see also Table 4.1, cases 1-7). A commercially available MER system 

(Leadpoint TM Neural Activity Monitoring System, Medtronic Inc., Minneapolis, MN) was used 

intra-operatively for dadta acquisition. Five tungsten microelectrodes (2mm apart, tip diameter < 

25 κm, Medtronic Inc., Minneapolis, MN) were used for recording. The recorded signals were 

pre-amplified, band-pass filtered between 0.1 Hz and 10 kHz, and sampled at 24 kHz. A total of 

96 randomly selected, stable MERs corresponding to sites lying within the intraoperatively 

defined borders of the STN, and acquired at rest, were initially digitally bandpass filtered off-line 

at 1-300 Hz and 300 Hz - 6 kHz, applying four-pole Butterworth filters (Matlab, Mathworks, 

Natick, MA). 

 

Secondly, during an one-year period 8 patients with treatment-refractory OCD underwent 

bilateral STN-DBS at the Grenoble University Hospital. Informed consent was provided by each 

patient, while strict ethical guidelines and established inclusion criteria were considered (National 

Consultative Ethics Committee). Patients‘ clinical characteristics are provided in table 5.1 

(including cases O1-O6 and O9 (Piallat et al. 2011) and case P5 (Bastin et al. 2014 (b))). 

Stereotactic surgery has been described in detail elsewhere (Piallat et al. 2011). The anatomical 

target was placed in the anteromedial (associative-limbic) part of the STN, 2mm anterior and 1 

mm medial to the target used during STN-DBS for PD (Mallet et al. 2008). Five tungsten 
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 Table 5.1. Clinical details of patients with treatment-refractory OCD. 

 

 

Case 

Age 

(years) 

and sex 

Disease 

duration 

(years) 

Hemisphere(s) 

tested 

 

OCD 

Type 

YBOCS  

pre-op 

GAF 

pre-op 

CGI 

pre-op SNRI and SRI
 

Medication (Total 

Daily Dose-mg) 

pre-op 

 

FGA and SGA 

Other 

Medications 

P5 34,m 13 Right STN/Left STN 
Doubt/Checking 

compulsions 
16+16 35 6 Clomipramine 225 Cyamemazine 150 

Oxazepam 150, 

Buspirone 30 

O3 42,f 25 Right STN/Left STN  15+15 36 5 
Fluoxetine 60 

Venlafaxine 50 
Levomepromazine 25 Bromazepam 6 

O6 37,f 5 Right STN  14+18 33 6 Venlafaxine 150  
Bromazepam 9 

Hydroxizine 25 

O1 39,m 18 Right STN Aggressive obsessions 18+19 26 6 Fluvoxamine 200 Pimozide 1  Clonidine 0.3 

O2 43,f 32 Right STN/Left STN 
Ordering obsessions/ 

Checking compulsions 
14+18 32 6 Sertraline 100 Risperidone 4 Alprazolam 0.75 

O4 34,f 24 Right STN/Left STN  17+17 42 5 Escitalopram 30  
Clobazam 5 

Lamotrigine 75 

Mianserine 20 

O5 35,f 15 Right STN/Left STN 

Contamination 

obsessions/ Washing 

compulsions 

14+15 36 6 Paroxetine 60  

 

O9 36,m 17 Right STN/Left STN 

Contamination 

obsessions/ Washing 

compulsions 

17+15 45 5 Paroxetine 40  

 

 m, male; f, female 

YBOCS (Yale-Brown Obsessive Compulsive Scale) scores range from 0 to 40, with higher scores indicating worse function. The 2 YBOCS subscores (evaluating obsessions or 

compulsions, respectively) range from 0 to 20. 

GAF (Global Assessment of Functioning) scores range from 1 to 90, with higher scores indicating the normal global functional status. 

CGI (Clinical Global Impression) scores range from 1 to 7, with higher scores indicating the severity of the disease. 

SNRI: serotonin and norepinephrine reuptake inhibitors; SRI: serotonin reuptake inhibitors; FGA: first-generation antipsychotics; SGA: second-generation antipsychotics. 
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Figure 5.1. The proposed stochastic dynamical model. Determination of the collective dynamics, parameters and 

functions of the model, based on each MER, was improved in order to more realistically capture the underlying 

neuronal dynamics. Patterns of stimulation are detailed in figure 5.2.  

 

microelectrodes (2mm apart, tip diameter < 25 κm, FHC Inc., Bowdoinham, ME, USA) were 

used for recording. Intraoperatively, signals were amplified, band-pass filtered at two frequency 

bands (1- 300 Hz and 300 Hz - 6 kHz) and sampled at 3 kHz and 48 kHz, respectively, using the 

Neurotrek System (Alpha-Omega Engineering, Nazareth, Israel). A total of 96 stable 

MERscorresponding to sites lying within the intraoperatively defined borders of the STN, and 

acquired at rest, were randomly selected for off-line analysis (Matlab, Mathworks, Natick, MA). 

 

For both data sets we proceeded to the assessment of three-scale neuronal activity as described in 

chapter 4: (a) spiking activity of one or just a few large isolated cells quantified through the spike 

detection process, (b) sub-noise level spiking activity of the surrounding neural population 

extracted based on the background unit activity extraction process, and (c) activity of large neural 

populations quantified through the LFPs. All signals were further down-sampled to 1 kHz. 

 

5.2.2.   The Phase Model 
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We consider the following Langevin equation (by virtue of the Stratonovich interpretation 

(Gardiner 1985)) describing an ensemble of N  identical phase oscillators with global nonlinear 

coupling, driven by intrinsic independent and extrinsic common noises, but also subject to 

external forcing (figure 5.1): 
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where  1,0i  is the phase variable of the ith  oscillator,   is its natural frequency, 0K  is the 

coupling strength and a is the phase shift, inherent to nonlinear coupling (Rosenblum et al. 2007, 

Temirbayev et al. 2012, Baibolatov et al. 2009). We consider that  ti  is zero mean Gaussian 

white noise, added independently to each oscillator, with correlation specified 

by      tttt ijji   , where 1ij  if ji   and 0  if ji  .We regard  t  as colored 

noise with zero mean, unitary variance and autocorrelation function  tC . Parameters I   and 

C  are representing the intensity of independent and common noise, respectively. Phase 

sensitivity functions  iR C  and  iR I  represent the linear response of the phase variable i  to 

the respective infinitesimal noise perturbations, while   ,iΔ  is the phase response curve (PRC) 

to a single (DBS) impulse (Kuramoto 1984, Winfree 2001) (figure 5.3B). Parameter  represents 

the stimulus amplitude and k  are the input times. Introducing the Kuramoto order parameter 

defined by 



N

j

j

N
re

1

i2i2 e
1  (Kuramoto 1984, Strogatz 2000) where r characterizes the 

degree of synchrony and   is the mean phase of the oscillators, and defining the effective drift 

and diffusion coefficients, v and D , respectively (Nakao et al. 2010), the Stratonovich Eq. (5.1) 

is converted to an equivalent Itν stochastic differential equation (Gardiner 1985): 
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Figure 5.2. Exemplary temporal patterns of stimulation designed to determine the specific characteristics correlated 

with a strong desynchronizing effect of STN-DBS for PD and OCD. (A) Patterns 1 and 7: regular stimulation at 130 Hz 

and 80 Hz, respectively; Patterns 2 and 8 : irregular stimulation with a mean frequency of 130 Hz and 80 Hz, 

respectively, and 25% temporal variability; Patterns 3 and 9: irregular stimulation with a mean frequency of 130 Hz and 

80Hz, respectively, and 50% temporal variability; Patterns 4 and 10: irregular stimulation with a mean frequency of 

130 Hz and 80 Hz, respectively and 75% temporal variability; Patterns 5 and 11: periodic stimulation with a mean 

frequency of 130 Hz and 80Hz, respectively, interrupted by bursts of pulses; Patterns 6 and 12: periodic stimulation 

with a mean frequency of 130 Hz and 80Hz, respectively, interrupted by pauses (B) Respective probability density 

functions. 

 

5.2.3. Application of Stimulation Patterns         

 

Phase eq. (5.2) is solved through the stochastic map from one stimulus cycle to the next (Nesse 

and Clark 2010) (figure 5.3A). We consider that the inter-impulse interval (IPI) nnnΔ   1  

either obeys the gamma distribution and increasing degrees of temporal variability (Dorval et al. 

2010), or forms a periodic stimulus train. Periodic stimulus trains are either uninterrupted (regular 

stimulation) or interrupted by either periods of long pauses or periods of bursts of pulses for 30% 

of the total delivery  time (Kuncel et al. 2012, Birdno et al. 2012, Brocker et al. 2013) (figure 

5.2). All stimulus trains have either a mean frequency of 130 Hz or a mean frequency of 80 Hz. 

The phase dynamics during the IPI nΔ  is described by 

 

A 

B 
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where  tW  is a Wiener process with probability density function (PDF)
tW

f , which is a 

Gaussian with zero mean and variance Δ . The stochastic map is defined by the Perron-

Frobenius operator, that maps the density of phases at the time of the  thn 1  impulse,  1np , 

onto the density of phases at the time of the nth  impulse,  np  (Ermentrout and Saunders 2006, 

Nesse et al. 2007, Yamanobe and Pakdaman 2002, Hata et al. 2010):  
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where  ΔηG  is the PDF of the IPIs (figure 5.2B). Dicretizing the density into 500M bins of 

size M/1 , the stochastic map for each IPI is approximated using a 500500  transition matrix 

(stochastic kernel)    ,A  having all positive entries, a spectral radius of 1 and possessing the 

strong Perron-Frobenius property (Ermentrout and Saunders 2006, Yamanobe and Pakdaman 

2002, Noutsos and Tsatsomeros 2008) (figures 5.4, 5.6). The iterated mapping (5.4) converges to 

the steady-state phase distribution, i.e. the invariant density,  stp , represented by the 

eigenvector corresponding to the dominant (unit) eigenvalue of the transition matrix (figures 5.5, 

5.7). This distribution is normalized as   1
1

0

  stpd . The variance of the invariant density, 

  stpVar , across phase,  , is a measure inversely related to the desynchronizing effect of the 

applied pattern of stimulation. The Lyapunov exponent is an alternative measure reflecting the 

neuronal (de)synchronization dynamics and can be calculated as 
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Figure 5.3. (A) The phase sensitivity function,  CR  
(type-II PRC), deforming with increasing common noise 

intensity, C  (left) and the phase response curve,  ,Δ (type 0 PRC), used to simulate the desynchronizing effect of 

DBS (right). (B) Stochastic kernel function,   ,A ,
 
for increasing stimulus amplitude, β, of irregular stimulation with 

a mean frequency of 130Hz and 25% temporal variability, based on the analysis of the recording ‗Medial -3.653mm, 

left STN, case O1‘ acquired during DBS for OCD. The desynchronizing effect of stimulation is reflected in the 

increasing split width, w, with increasing stimulus amplitude, β.  

                

A positive sign of the Lyapunov exponent indicates neuronal desynchronization, while a negative 

sign indicates neuronal synchronization. Remarkably, Hata et al. (2010) suggested that subtle 

differences between the desynchronizing effect of heterogeneous patterns of stimulation cannot 

be optimally captured through the Lyapunov exponent. Instead, they demonstrated that the 

variance of the Lyapunov exponent 
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may potentially be a more appropriate outcome measure. In this study, we opt for the variance of 

the invariant density,   stpVar , across phase,  , rather than the Lyapunov exponent, ι, or the 

variance of the Lyapunov exponent, for the final comparative assessment. The rationale behind 

this selection lies in the fact that the invariant density is a property inherent to the stochastic phase 

transition operator employed in Eq. (5.5) (Yamanobe et al. 2011) and may therefore reliably 

characterize the asymptotic dynamics of neuronal responses to distinct stimulation paradigms. 

Results are compared with those obtained through the employment of the Lyapunov exponent and 

the variance of the Lyapunov exponent for the PD dataset.   

 

Furthermore, in view of evidence correlating locations of oscillatory activity in the dorsolateral 

sensorimotor STN with the optimal site of DBS for PD (Guo et al. 2013, Herzog et al. 2004), we 

assess the dependence of the desynchronizing effect of the examined patterns of stimulation on 

the location of the recording site within the STN of patients with PD (i.e. dorsolaterally or 

ventromedially) and on the presence or absence of oscillatory activity. We also consider the sites 

having been verified intra-operatively to yield the optimal therapeutic window (Table 4.1). 

Oscillatory regions are discriminated from non-oscillatory regions by means of the chaotic 

attractor (Babloyantz and Destexhe 1986, Ott 2002) reconstructed from the optimally filtered 

(Rossberg et al. 2004) spiking activity, using time delay, 1  and embedding dimension, 3d  

(see section 4.6.4.6). 

 

Repeated measures analysis of variance (ANOVA) (Trujillo-Ortiz et al. 2004) with Tukey 

honestly significant difference (HSD) post-hoc comparisons, and the two-sample t-test are used to 

determine the statistical significance of the differential effect of stimulation. 

 

5.2.4.   Determination of Model Parameters and Functions 
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Common noise has been proven to reinforce synchronization in populations of globally coupled 

phase oscillators (Nagai and Kori 2010, Lai and Porter 2013). In line with these indications and in 

order to simulate the presence of neuronal synchronization within the STN as a characteristic of 

the pathological unstimulated state, we incorporate the effect of common noise in Eq. (5.1), in 

addition to global coupling. Furthermore, adapting the stochastic dynamical model developed in 

chapter 4, in this chapter, we improve the determination of the collective oscillatory dynamics, as 

well as of specific parameters and functions so as to more realistically capture the underlying 

neuronal activity corresponding to each MER. Accordingly, we allow for nonlinear coupling, i.e. 

nonlinear dependence of phase shift, a , on the amplitude of the collective oscillation 

( ),( rKaa  ), and set a equal to 1/4, so as to captivate the partially synchronous quasiperiodic 

dynamics ( 10  r ) of the subthalamic neuronal activity in the pathological unstimulated state 

(Rosenblum et al. 2007, Temirbayev et al. 2012, Baibolatov et al. 2009). Mean phase, , is set 

equal to the mean phase of the MER signal components, while natural frequency, , is estimated 

using the mean firing rate of the recorded unit under examination. Extrinsic noise intensity, C , 

and autocorrelation function,  tC , are evaluated on the basis of the respective LFP signal (Moran 

and Bar-Gad 2010, Wang et al. 2004). Moreover, we consider  CR  as a type-II PRC, the shape 

of which is modified according to the extrinsic noise intensity, C , (Abouzeid and Ermentrout 

2010) in order to increase the phase sensitivity to common noise and to incorporate heterogeneity 

as a physiological attribute of the PRC (Ly 2014) (figure 3B). After determining the above 

parameters, the effective drift and diffusion coefficients, v  and D , may be approximately 

evaluated by applying Eq. (5.3). The remaining parameters, i.e. the degree of synchrony, r , the 

coupling strength, K , and the intrinsic noise intensity, I , as well as the functions  ,Δ (type 0 

PRC) (figure 3A) and  IR  (type-I PRC) are determined according to the analysis in chapter 4.  

 

In order to provide evidence for the realistic substructure of the proposed model, we consider null 

stimulus amplitude (β=0) in Eq. (5.1) and assess the Lyapunov exponent along each MER 

trajectory, as a quantity reflecting the neuronal synchronization dynamics in the pathological 

unstimulated state. The Wilcoxon rank sum test is used to determine the statistical significance of 

the differences within vs. outside the STN borders. 

 

5.3.    Results 

 

5.3.1. Evidence for the Realistic Substructure of the Stochastic Phase Model 

 

Figure 5.4A displays an example of neuronal activity recorded during a case of STN-DBS for PD. 

Evaluation of the synchronization index, Q, indicated the presence of increased neuronal 

synchronization within the STN. Similarly, on the basis of the stochastic phase model, higher 
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negative values of the Lyapunov exponent, ι, i.e. increased neuronal synchronization, were 

obtained within the STN. This result was generalized for a total of 16 acceptable MER 

trajectories acquired during eight STN-DBS interventions for PD (figure 5.4B). In particular, 

statistical analysis corroborated the ability of the model to simulate the presence of significant 

differences in the mean neuronal synchronization dynamics within vs. outside the STN borders 

(p<.05, Wilcoxon rank sum test), in accordance with strong indications that neuronal 

synchronization in the pathological unstimulated state is dramatically increased within the STN 

compared with the dynamics outside the STN borders (Weinberger et al. 2006, Kuhn et al. 2005). 

Notably, almost equivalent negative values of the Lyapunov exponent (i.e. equivalent neuronal 

synchronization dynamics) were obtained for either oscillatory or non-oscillatory regions of the 

STN (p=0.42, Wilcoxon rank sum test). This outcome is in line with evidence that non-oscillatory 

synchronization may coexist with oscillatory synchronization within the dopamine-depleted basal 

ganglia, pointing to the fact that synchronization and oscillatory activity might not share common 

pathophysiological mechanisms in PD (Hammond et al. 2007, Heimer et al. 2002). Further 

important evidence for the validity of the stochastic phase model is provided through the results 

presented in section 5.3.4. 

 

5.3.2.   Neural Activity-Specific Degree of the Desynchronizing Effect of the Applied 

Patterns of Stimulation  

 

Figure 5.3B depicts an example of stochastic kernels,   ,A , derived based on the analysis of 

subthalamic neuronal activity recorded at a specific site depth during a case of DBS for OCD and 

simulating the application of increasing amplitude values, β, of irregular stimulation with a mean 

frequency of 130 Hz and 25% temporal variability. Remarkably, the desynchronizing effect of 

stimulation is reflected in the increasing split width, w, with increasing stimulus amplitude. 

Results illustrated in figure 5.5 were obtained by application of the stochastic model to two pairs 

of MERs corresponding to sites lying within the intraoperatively confirmed borders of the STN 

and acquired during DBS for PD (figures 5.5A-B) and DBS for OCD (figures 5.5C-D), 

respectively. Lower values of the variance of the invariant density,   stpVar , indicate a 

stronger desynchronizing effect of the applied pattern of stimulation. Principally, the 

desynchronizing effect of the applied patterns of stimulation proved to be dependent on the 

recording site, i.e. neural activity-specific. 
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Figure 5.4. Example (A) and cumulative results (B) providing a first piece of evidence for the realistic substructure of 

the stochastic phase model based on differences in neuronal synchronization dynamics within vs. outside the STN, in 

the pathological unstimulated state. (A) Neuronal activity (left) recorded along the posterior trajectory of the right 

hemisphere during STN-DBS for PD - case 8. Evaluation of the synchronization index, Q, (upper right panel) indicated 

the presence of increased neuronal synchronization within the STN borders (depth value 0 corresponds to the 

anatomical target point determined preoperatively). This dynamics was corroborated by the use of the Lyapunov 

exponent, ι, calculated on the basis of the stochastic phase model (lower right panel). (B) Assessment of the 

mean  standard error mean Lyapunov exponent, ι, based on the stochastic phase model and a total of 16 acceptable 

MER trajectories acquired during eight STN-DBS interventions for PD (left) (in 8 out of 16 MER trajectories neuronal 

activity was in addition recorded below the STN). Statistical analysis corroborated the propensity of the model to 

simulate significant differences in the mean neuronal synchronization dynamics within vs. outside the STN borders (* 

p<.05, Wilcoxon rank sum test). Notably, there was no significant difference of the Lyapunov exponent at oscillatory 

compared with non-oscillatory regions of the STN (p=0.42, Wilcoxon rank sum test) (right). 
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5.3.3.    Stronger Desynchronizing Effect of High- and Low-Frequency Irregular 

Patterns of Stimulation compared with Standard Stimulation  

 

Figure 5.6 displays, for each pattern of stimulation, the variance of the invariant density as a 

function of stimulus amplitude and averaged across the datasets acquired during DBS for PD 

(figure 6A) and DBS for OCD (figure 5.6B). Repeated measures ANOVA corroborated the 

presence of statistically significant differences in the mean desynchronizing effect of the 

examined patterns of stimulation (FPD=4133.569, p<.0001 and FOCD=2577.668, p<.0001). In case 

of PD, Tukey-HSD post-hoc comparisons indicated statistically significant differences between 

the desynchronizing effect of all patterns of stimulation (p<.0001), except within non-regular 

patterns of stimulation generated by a gamma process (p>.05). In case of OCD, post-hoc 

comparisons revealed statistically significant differences between the desynchronizing effect of 

all patterns of stimulation (p<.01), except between low-frequency periodic stimulation and high-

frequency periodic stimulation interrupted by bursts of pulses (p>.05) and within non-regular 

patterns of stimulation generated by a gamma process (p>.05). Most importantly, in either PD or 

OCD, irregular patterns of stimulation and low-frequency periodic stimulation interrupted by 

bursts of pulses yielded a significantly stronger desynchronizing effect compared with standard 

stimulation (p<.0001) and distinct alternative patterns of stimulation (p<.0001). Furthermore, the 

stronger desynchronizing effect of irregular patterns compared with standard stimulation was 

verified to be consistent across MERs, i.e. not neural activity-specific.  

 

5.3.4. Possible Correlation between the Invariant Density Measure and Clinical 

Effectiveness of Stimulation in PD 

 

Figure 5.7A displays an example of the attractor reconstructed in a three-dimensional phase space 

from the spiking activity recorded at an oscillatory and a non-oscillatory region of the STN, 

during a case of DBS for PD. In general, these regions could be differentiated by means of the 

distinct spatial pattern of the reconstructed attractor. We subsequently assessed the variance of the 

invariant density based on a total of 30 recordings of oscillatory activity at the dorsolateral STN, 

including the sites having been verified intra-operatively to yield the optimal therapeutic window, 

and a total of 30 recordings of non-oscillatory activity at the ventromedial STN, acquired during 

eight DBS interventions for PD. Simulations revealed a significantly stronger desynchronizing 

effect of each examined pattern of stimulation at oscillatory regions of the dorsolateral 

sensorimotor STN, including the sites with the optimal therapeutic window, compared with non- 

oscillatory regions of the ventromedial limbic STN (p<.0001, two-sample t-test) (figure 5.7B). 

The significance of these results is multifold: first they provide a further important piece of 

evidence in support of the validity of the stochastic phase model, since they are in line with strong 

indications that locations of oscillatory activity at the dorsolateral STN are correlated with the 
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Figure 5.5. Mean  standard deviation variance of the invariant density,   stpVar , for the examined patterns of 

stimulation, derived by fitting the phase model to MERs acquired at (A) Medial -0.5 mm, right STN - case 8 and (B) 

Central -0.5 mm, right STN - case 6 during STN-DBS for PD, and at (C) Lateral -6.359 mm, right STN - case O1 and 

(D) Central -5.369 mm, right STN - case O4 during STN-DBS for OCD. Lower values of the invariant 

density,   stpVar , indicate a stronger desynchronizing effect of stimulation. Stimulation conditions that do not share 

the same letter are significantly different (p<.01). Principally, the desynchronizing effect of the examined patterns of 

stimulation proved to be neural-activity specific. 
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optimal site of 130Hz regular stimulation in PD (Guo et al. 2013, Herzog et al. 2004); second, 

they highlight a further correlation of locations of oscillatory activity at the dorsolateral STN with 

the optimal desynchronizing effect of alternative patterns of DBS for PD, including low-

frequency irregular stimulation; and, third, they point to a possible correlation of the principal 

model outcome measure, the variance of the invariant density, with clinical effectiveness of 

stimulation, since values of this measure are proven to be lower at the dorsolateral oscillatory 

region of the STN that has been consistently correlated with the best clinical outcome of STN-

DBS for PD (Guo et al. 2013, Herzog et al. 2004), as well as at sites having been verified intra-

operatively to yield the optimal therapeutic window. 

 

Remarkably, clinical effectiveness of low-frequency STN-DBS on axial parkinsonian symptoms 

might not be sustained over time (Sidiropoulos and Moro 2014), while the therapeutic effect of 

DBS for neuropsychiatric disorders manifests to the full extent only over a period of weeks to 

months (Bourne et al. 2012,  Kuhn et al. 2010, Lujan and McIntyre 2012). Lourens et al. (2015) 

have recently proved, by means of a model describing the STN - GPe network dynamics, that 

spike-timingdependent plasticity (STDP) stabilizes the desynchronized neural activity in the 

healthy state and that this stabilizing effect of STDP may favor the use of alternative stimulation 

protocols designed to induce neuronal desynchronization, in terms of both short- and long-term 

clinical effectiveness. In view of this evidence, and given the fact that the model-based outcome 

measure proposed in our study is a quantity directly related to the desynchronizing effect of 

temporally alternative patterns of stimulation, the same measure may also reliably reflect short- 

and long-term clinical effectiveness. Thus, high and lowfrequency irregular patterns of STN-DBS 

for advanced PD and treatment-refractory OCD, that, according to the results of our study, have 

been associated with a significantly stronger desynchronizing effect compared with standard 

STN-DBS, may also be associated with sustained clinical effectiveness over both short and long 

time scales, due to the existence of STDP. 

 

5.3.5 Disorder-Specific Desynchronizing Effect of Stimulation  

 

Comparing the optimal alternative patterns, irregular patterns significantly outperformed low-

frequency periodic stimulation interrupted by bursts of pulses (p<.0001, two-sample t-test)  in 

about 69% of the total simulations in case of PD and 46% of the total simulations in case of OCD  

Figure 5.6. Variance of the invariant density,   stpVar , for the examined patterns of stimulation in PD (A) and OCD (B). 

The upper panels in (A) and (B) display values of   stpVar (mean  standard error mean) as a function of stimulus 

amplitude, β, and averaged across the datasets acquired during STN-DBS for PD and STN-DBS for OCD, respectively. The 

lower panels in (A) and (B) depict the respective mean  standard deviation   stpVar . Lower values of the invariant 

density,   stpVar , indicate a stronger desynchronizing effect of stimulation. Repeated measures ANOVA indicated the 

presence of statistically significant differences in the mean desynchronizing effect of the examined patterns of stimulation 

(FPD=4133.569, p<.0001 and FOCD=2577.668, p<.0001). Stimulation conditions that do not share the same letter are 

significantly different (p<.01, post-hoc analysis). 
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Figure 5.7. Dependence of the desynchronizing effect of the examined patterns of stimulation on locations of oscillatory 

activity in the STN of patients with PD. (A) Oscillatory regions were discriminated from non-oscillatory regions by means of 

the pattern of the attractor reconstructed in a three-dimensional phase space from the filtered spiking activity, using time 

delay, 1  and embedding dimension, 3d . In this particular example, neuronal activity was recorded at ‘Posterior, left 

STN - case 8‘. (B) Assessment of the mean  standard error mean variance of the invariant density,   stpVar
 
, based on 

a total of 30 recordings of oscillatory activity at the dorsolateral STN, incl. sites with the optimal therapeutic window, and a 

total of 30 recordings of non-oscillatory activity at the ventromedial STN, acquired during eight DBS interventions for PD, 

revealed a significantly stronger desynchronizing effect of each examined pattern of stimulation at oscillatory regions of the 

dorsolateral sensorimotor STN, incl. sites with the optimal therapeutic window, compared with non-oscillatory regions of the 

ventromedial limbic STN (* p<.0001, two-sample t-test).  
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(example illustrated in figure 5.5C). In the remaining 31% of the total simulations in PD and 54% 

of the total simulations in OCD low-frequency periodic stimulation interrupted by bursts of pulses 

was significantly more efficient than at least one of the irregular patterns of stimulation for β 5 

(p<.001, two-sample t-test) (example illustrated in figure 5.5A). Interestingly, standard DBS was 

associated with a significantly stronger desynchronizing effect in PD compared with OCD 

(p<.0001, two-sample t-test). Results also underscored a more favorable response profile of low-

frequency periodic stimulation compared with standard stimulation (p<.0001, post-hoc analysis) 

(figure 5.6), that was, however, more pronounced in case of OCD (p<.0001, two-sample t-test). 

High-frequency periodic stimulation interrupted by bursts of pulses outperformed low-frequency 

periodic stimulation in PD (p<.0001, post-hoc analysis), but both patterns yielded an equivalent 

desynchronizing effect in case of OCD  (p>.05, post-hoc analysis). Notably, high- and low-

frequency stimulation interrupted by long pauses were the alternative patterns associated with the 

weakest desynchronizing effect in both pathologic conditions (figure 5.6). Nonetheless, while in 

case of PD these patterns were significantly less efficient than standard stimulation (p<.0001, 

post-hoc analysis) (figure 5.6A), the reverse held true in case of OCD (p<.01, post-hoc analysis) 

(figure 5.6B). Thus, in OCD, all alternative patterns of stimulation proved to exert a stronger 

desynchronizing effect on neuronal activity compared with standard DBS. Noteworthily, 

however, the relative desynchronizing effect of the aforementioned patterns proved primarily to 

be neural activity-specific, in both PD and OCD, as previously stated (figure 5.5). 

 

5.3.6 Limited Suitability of the Lyapunov Exponent for the Discrimination of 

Desynchronization Scenarios 

Figure 5.8A illustrates the desynchronizing effect of the examined patterns of stimulation in PD 

based on the use of the Lyapunov exponent,  . Repeated measures ANOVA corroborated the 

presence of statistically significant differences in the mean desynchronizing effect of the 

examined patterns of stimulation (F=1564.173, p<.0001). In particular, similar to the results 

obtained through the employment of the invariant density measure (figure 5.6), high- and low-

frequency stimulation interrupted by long pauses proved to exert a significantly weaker 

desynchronizing effect on neuronal activity (indicated by lower positive values of the Lyapunov 

exponent) compared with standard stimulation (p<.0001, post-hoc analysis). Most importantly, 

however, discrimination between the  desynchronizing effect of patterns derived based on other 

probability distributions (including irregular stimulation with 25% and 50% temporal variability 

or stimulation characterized by bursts) and the  desynchronizing effect of high-frequency periodic 

stimulation was not possible through the employment of the Lyapunov exponent (p>.05, post-hoc 

analysis). This equivalent desynchronizing effect on neuronal activity may be considered as a 

rather implausible scenario, since in no way does it reflect the observed qualitative change of the 

stochastic kernel function upon application of alternative patterns of stimulation (figures 5.9,  
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Figure 5.8. Evaluation of the Lyapunov exponent,  , as an outcome measure for the assessment of the desynchronizing 

effect of the examined patterns of stimulation in PD. (A) The upper panel displays the value of the Lyapunov exponent,  , 

for each pattern of stimulation, as a function of stimulus amplitude, β, and averaged across the dataset acquired during STN-

DBS for PD. The lower panel depicts the respective mean  standard error mean
 
Lyapunov exponent,  . Higher positive 

values of the Lyapunov exponent,  , indicate a stronger desynchronizing effect of stimulation. Post-hoc analysis revealed no 

significant differences between the effect of low-frequency periodic stimulation and high-frequency periodic stimulation 

(p>.05), irregular stimulation with 25% and 50% temporal variability and high-frequency periodic stimulation (p>.05) or 

stimulation characterized by bursts and high-frequency periodic stimulation (p>.05). Stimulation conditions that do not share 

the same letter are significantly different (ANOVA: F=1564.173, p<.05). (B) No significant differences between the effect of 

the examined patterns of stimulation were identified by means of the variance of the Lyapunov exponent, Var(ι) (ANOVA: 

F=80.157, p>.05). 



5    Evaluating the Efficiency of Alternative Patterns of Deep Brain Stimulation 
 

124 

 

 
 

5.10). Similar conclusions with respect to the limited suitability of the Lyapunov exponent for 

characterizing differences between distinct synchronization scenarios corresponding to the 

application of distinct patterns of stimulation have been derived in Hata et al. (2010). In the 

current analysis, however, contrary to the conclusions in Hata et al. (2010), neither the variance of 

the Lyapunov exponent proved to be an appropriate outcome measure for discriminating between 

the desynchronizing effect of the examined patterns of stimulation (F=80.157, p>.05) (figure 

5.8B). 

 

5.4. Discussion 

 

5.4.1 Significance and Clinical Implications  

 

Closed-loop neuromodulation is emerging as one of the most revolutionary scenarios in the 

continuously evolving field of DBS (Gross and McDougal 2013, Herron et al. 2015, Widge and  

Moritz 2014). In this framework, model-based control systems are a powerful means for 

determination of optimal feedback parameters (Schiff 2010; 2012, Little and Brown 2012, Tass et 

al. 2003) and identification of novel stimulation protocols (Feng et al. 2007(a); b), Wilson and 

Moehlis 2014, Nabi et al. 2013, Danzl et al. 2009, Gorzelic et al. 2013, Iolov et al. 2013, Lourens 

et al. 2015). In the majority of the respective published approaches, minimum energy 

desynchronizing control of neuronal activity has been the common touchstone. In line with these 

indications, in this work, we employed methods from stochastic nonlinear dynamics in order to 

provide deeper insights into the most effective patterns of subthalamic DBS for advanced PD and 

treatment-refractory OCD, subsequently having the potential to be incorporated in an energy- and 

therapeutically-efficient closed-loop neuromodulation system. To this end, the fact that the STN is 

currently used as an anatomical target during DBS for both pathologic conditions (Williams et al. 

2010, Hamani et al. 2014) merged with one of the hypotheses on the mechanisms of action of 

standard and alternative patterns of STN-DBS at a local level (Carlson et al. 2010, Hauptmann 

and Tass 2006, Rubin et al. 2012, Feng et al. 2007(a);(b), Adamchic et al. 2014) allowed for the 

development of a common modeling approach. Respectively, we elaborated a stochastic 

dynamical model having been previously designed to support clinical decision making during 

STN-DBS surgery. Throughout this chapter, we provided evidence that the fundamental strength 

of the proposed stochastic model lies in its realistic substructure: not only did we allow for global 

nonlinear coupling, but we also incorporated the effect of common and independent noise sources 

and considered the phase dependence of common noise with respect to each particular MER. 

Likewise, parameters of the model were estimated on the basis of the recorded neural activity. 

Upon constructing the stochastic model, the variance of the invariant density was employed as a 

measure inversely related to the desynchronizing effect of each examined pattern of stimulation. 

A quantitative comparison of the differential effect of stimulation patterns was thereby  
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straightforward and reliable. On the contrary, application of the Lyapunov exponent as an 

alternative variable reflecting neuronal desynchronization dynamics failed to be adequately 

informative. Most importantly, the results highlighted a possible correlation between the invariant 

density measure and clinical effectiveness of stimulation. 

 

Our results emphasized the superior efficiency of high (130Hz) - and low (80Hz) - frequency 

irregular patterns of stimulation, and low-frequency periodic stimulation interrupted by bursts of 

pulses, compared with standard stimulation (regular, 130Hz) and distinct alternative patterns, 

including high- and low-frequency stimulation interrupted by long pauses, low-frequency 

periodic stimulation and high-frequency stimulation interrupted by bursts of pulses. Importantly, 

this particular outcome was not disorder-specific, while the superior efficiency of irregular 

patterns of stimulation was, moreover, not neural activity-specific. Consistently with these results,  

Figure 5.9. Stochastic kernels (left) and respective invariant densities (right) derived by fitting the phase model to a MER 

acquired at ‗Lateral -2.852 mm, right STN - case O5‘, during STN-DBS for OCD, and simulating application of the 12 

patterns of stimulation with stimulus amplitude β=0.5. According to the simulations, high- and low-frequency irregular 

patterns of stimulation exerted the strongest desynchronizing effect on neuronal activity, as reflected in the intense form of 

the respective stochastic kernels, as well as the low variance of the respective invariant densities. 
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Birdno et al. (2012) and Brocker et al. (2013) suggested that neither bursts nor irregularity per se 

are correlated with decreased clinical effectiveness of high-frequency thalamic and subthalamic  

DBS for essential tremor and advanced PD, respectively. Additionally, in a short communication, 

Baker et al. (2011) underlined the effectiveness of low (80Hz) - frequency pallidal stimulation 

delivered in a regular bursting pattern in ameliorating bradykinesia in the non-human primate 

model of PD. Our work adds to the aforementioned studies by extending their validity to low-

frequency subthalamic DBS for advanced PD and by offering insights into the efficiency of 

alternative patterns of STN-DBS for treatment-refractory OCD. Very interestingly, the 

desynchronizing effect of the examined patterns of stimulation in PD proved to be optimal at the 

dorsolateral oscillatory region of the STN. Overall, these results may be of particular importance 

for the development of energy- and therapeutically-efficient closed-loop DBS systems. 

Figure 5.10. Stochastic kernels (left) and respective invariant densities (right) derived by fitting the phase model to a MER 

acquired at ‗Anterior -3mm, right STN - case 2‘, during STN-DBS for PD, and simulating application of the 12 patterns of 

stimulation with stimulus amplitude β=0.5. According to the simulations, low-frequency irregular patterns of stimulation and 
low-frequency periodic stimulation interrupted by bursts of pulses exerted the strongest desynchronizing effect on neuronal 

activity, as reflected in the intense form of the respective stochastic kernels, as well as the low variance of the respective 

invariant densities. 
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5.4.2    Disorder- and Neural Activity-Specific Effect of Stimulation 

 

Contrary to Brocker et al. (2013) and Kuncel et al. (2012), Birdno et al. (2012) reported that 

high-frequency stimulation characterized by pauses is significantly less effective than regular 

stimulation for tremor suppression. This suggestion is corroborated and extended by our study, 

wherein both high- and low-frequency stimulation interrupted by long pauses were associated 

with a weaker desynchronizing effect compared with standard stimulation in PD. Nevertheless, in 

case of OCD we could not reach a similar conclusion. Accordingly, stimulation characterized by 

pauses proved to exert a significantly stronger desynchronizing effect on neuronal activity 

compared with standard DBS in OCD, particularly if being delivered in a low-frequency mode. 

Interestingly, Gazit et al. (2015) have recently suggested that low-frequency stimulation 

characterized by pauses may alleviate symptoms more effectively than regular stimulation in an 

animal model of a neuropsychiatric disorder. Perhaps more importantly, all alternative patterns of 

stimulation considered in our approach proved to be associated with a stronger desynchronizing 

effect compared with standard DBS in OCD. In addition, standard DBS was associated with a 

significantly stronger desynchronizing effect in PD compared with OCD. Conversely, low-

frequency periodic stimulation proved to be more efficient in OCD compared with PD. This 

disorder-specific effect of certain stimulation pattern characteristics, revealed by the 

computational model, may be rooted in a dissimilar profile of neuronal activity in the two 

pathologic conditions, i.e. significantly lower discharge rates and ‗lower‘- frequency oscillations 

in treatment-refractory OCD compared with advanced PD (Piallat et al. 2011, Welter et al. 2011). 

 

Apart from the aforementioned general conclusions, we ought to highlight the fact that, with the 

exception of irregular patterns, the relative desynchronizing effect of the examined alternative 

patterns of stimulation with respect to standard DBS was substantially dependent on the recorded 

neural activity. Thereupon, we implicitly suggest that in any closed-loop DBS system 

configuration, maximal information about the underlying neuronal dynamics captured by real-

time recordings should be carefully considered, before proceeding to define optimal stimulation 

pattern characteristics. 

 

5.4.4.  Insights into the Efficiency of Low-Frequency Periodic Stimulation  

 

Evidently, our approach underscores the superior efficiency of low-frequency periodic 

stimulation to the efficiency of standard stimulation in both PD and OCD, albeit - as already 

mentioned - more prominently in the latter disorder. Clinical application of low-frequency 

periodic stimulation instead of its high-frequency counterpart has been a topic of controversy in 

the field of STN-DBS for PD over the last years (Sidiropoulos and Moro 2014). Though some 

clinical data seem to incline towards a similar effect of the two modes of stimulation on axial 
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(Sidiropoulos et al. 2013, Vallabhajosula et al. 2015) or distal symptoms (Tsang et al. 2012), 

some other studies suggest that a greater improvement of axial symptoms or involuntary 

movements, after the switch of stimulation frequency from 130 Hz to 80 Hz, may be possible, but 

also to a great extent patient-specific (Ricchi et al. 2012, Merola et al. 2013). Our modeling 

approach is rather reinforcing the latter suggestion, since it is, on the one hand, giving 

prominence to the efficiency of low-frequency periodic stimulation, and on the other hand 

pointing to a neural activity- and thus potentially patient-specific effect of temporally alternative 

patterns of STN-DBS. Most importantly, it provides novel evidence for an outstanding efficiency 

of low-frequency DBS for treatment-refractory OCD. Certain limitations, however, should be 

taken into consideration, as discussed in the next paragraph. 

 

5.4.5 Study Limitations  

 

One of the limitations of this study is rooted in the exclusion of the further hypotheses on the 

therapeutic mechanisms of action of STN-DBS that go beyond the hypothesis of the local 

desynchronizing effect (de Hemptinne et al. 2015, Li et al. 2012, Bahramisharif et al. 2015). 

Accordingly, an intriguing perspective would be related to the consideration of these assumptions 

that would in turn possibly provide more powerful clues for the degree of the efficiency of 

alternative patterns of stimulation. A related limitation refers to the fact that the stochastic model 

was not adapted to capture the neuronal interactions within the motor cortico–basal ganglia–

thalamo–cortical circuit (Tsirogiannis et al. 2009) or within key pathways involved in the 

pathophysiology of OCD (Stathis et al. 2007). In this respect, the employment of a biophysically 

plausible, conductance-based model would probably be a more appropriate alternative approach 

for describing neuronal network dynamics and simulating neuronal responses to stimulation 

protocols (Feng et al. 2007(b), Rubin and Terman 2004). Importantly, however, the latter 

approach in the study of Feng et al. (2007(a); (b)) has led to similar conclusions regarding the 

higher efficiency of non-regular patterns of stimulation. In general, despite the aforementioned 

limitation, phase reduction remains a powerful method for describing the response dynamics of 

local neuronal populations, while its validity is being extended beyond the supra-threshold regime 

to account for the dynamics of neuronal bursting activity that constitutes a hallmark of PD and 

OCD pathophysiology (Piallat et al. 2011, Sherwood and Guckenheimer 2010, Mauroy et al. 

2014). Another challenge for the presented modeling approach would be to assess the 

desynchronizing effect of individualized gamma frequencies (Tsang et al. 2012) and to allow for 

the clinically used values of stimulus amplitude and stimulus pulse width, as well as the role of 

electrode polarity, in view of the fact that these parameters are especially critical to the clinical 

effectiveness of DBS (Volkmann et al. 2006). Last, on account of the heterogeneous nature of PD 

and OCD symptoms (Summerfeldt et al. 1999, Feng et al. 2015), part of future research work 
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should be directed towards the determination of optimal pattern characteristics for distinct 

phenotypes of these disorders.  

 

5.5. Conclusion 

 

Temporally alternative patterns of DBS with the potential to generate maximal clinical benefit at 

the lowest possible power consumption and reduce stimulation-related complications are being 

intensively investigated over the last years. In this chapter, we provided model-based indications 

for the optimal alternative patterns of STN-DBS for treatment-refractory OCD and extended the 

validity of previous reports on the efficiency of temporally non-regular DBS for advanced PD. 

Accordingly, on grounds of a data-driven stochastic dynamical model, we highlighted the pivotal 

role of high-, and, most importantly,  low-frequency variability, as well as of low-frequency 

bursts of pulses in the efficiency of STN-DBS for both pathologic conditions. In PD, optimal 

results were achieved at the dorsolateral oscillatory region of the STN. Moreover, we provided 

indications for a possible correlation of the principal model-based outcome measure, the invariant 

density, with clinical effectiveness of stimulation. Taking the modeling approach one step further, 

our key priority should be the clinical validation of these predictions, potentially in patient 

populations undergoing implantable pulse generator (IPG) replacement, since temporary 

connection to the DBS electrode during this surgical procedure has been proven to provide 

advantageous conditions for the analysis of novel stimulation protocols (Birdno et al. 2012).  
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6 

 

Algorithmic Design of a Therapeutically- and Energy- 

Efficient Closed-Loop Deep Brain Stimulation System for 

Parkinson’s Disease and Obsessive-Compulsive Disorder 

 

 

 

 

Approaches using closed-loop stimulation are inherently state dependent and require computational 

neurostimulation.  

M Bikson et al.  (2015) 

 

 

 

Abstract 

 

Objective. We elaborate on the algorithmic aspects of a closed-loop subthalamic nucleus (STN) deep 

brain stimulation (DBS) system for advanced Parkinson‘s disease (PD) and treatment-refractory 

obsessive-compulsive disorder (OCD), ensuring optimal performance in terms of both efficiency and 

selectivity of stimulation, as well as in terms of computational speed. Approach. Relying upon a 

series of methods robust to the presence of measurement noise, we first assess the presence of 

significant nonlinear coupling between beta and high-frequency subthalamic neuronal activity, as a 

biomarker for feedback control in the proposed closed-loop neuromodulation scheme, and further 

present a strategy, incorporating  the application of a phase-reduced bursting neuron model and a 

derivative-free optimization algorithm, through which optimal stochastic patterns and parameters of 

stimulation for minimum energy desynchronizing control of neuronal activity are being identified. 

Simulations are being performed utilizing microelectrode recordings (MERs) acquired during 8 and 

8 STN-DBS surgical interventions for PD and OCD, respectively. Main Results. Cross-frequency 
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coupling proves to be a consistently appropriate biomarker for feedback control in case of PD, but 

may display subject-specific applicability in case of OCD. In light of our previous report pointing to 

a possible correlation of the principal model-based outcome measure with clinical effectiveness of 

stimulation in PD, we demonstrate the ability of the presented modeling approach to identify, at a 

relatively low computational cost, stimulation settings associated with a significantly higher 

efficiency and selectivity compared with stimulation settings determined during post-operative 

clinical management of patients with PD. The validity of these results is further corroborated in case 

of treatment-refractory OCD. Significance. Together, our data provide strong evidence for the 

applicability of computational neurostimulation to real-time, closed-loop DBS systems. 

 

6.1. Introduction 

 

As reported in chapter 1, in addition to appropriate patient selection and anatomical target 

determination (Widge et al. 2015), the outcome of DBS may be strongly influenced by the quality of 

post-operative clinical management, i.e. the adjustment of stimulation parameters and the selection 

of the optimal contact, usually over periods of weeks to months (Benabid et al. 2009, Volkmann et 

al. 2006). Apart from being considerably time consuming, this trial-and-error procedure may not 

necessarily yield the optimal trade-off between maximal therapeutic benefit and minimal 

stimulation-induced side-effects (Kuncel and Grill 2004). Moreover, it fails to keep pace with the 

fact that movement and neuropsychiatric disorder symptoms may fluctuate over significantly shorter 

time-scales of seconds to days. Chronically, the open-loop nature and monomorph pattern of 

conventional high-frequency stimulation appears to favor tolerance/habituation phenomena, while 

being associated with a maximal rate of power consumption (Carron et al. 2013).  

 

Against this background, closed-loop neuromodulation is emerging as a more reliable alternative and 

one of the most promising breakthroughs in the field of DBS (Metman and Slavin 2015, Hariz et al. 

2013, Rosin et al. 2011) (figure 6.1). In an optimal closed-loop-stimulation scenario, delivery of 

maximally efficient DBS patterns is adjusted to the fast dynamics of movement and neuropsychiatric 

disorder symptoms through utilization of specific biomarkers that capture the patient‘s clinical state 

in real time (Rise and King 1998). This would, in turn, insure minimal energy consumption and 

reduce the physical size of the battery (Grill 2015), the frequency of generator replacement surgery, 

the concomitant risk of hardware infection (Boviatsis et al. 2010, Pepper et al. 2013), or the rate of 

recharging procedures. It would moreover be associated with significant savings in clinical resources 

(Gross and McDougal 2013, McIntosh et al. 2003). Principally, any algorithm designed for a 

maximally efficient closed loop DBS system shall conceptually satisfy two core specifications 

(Afshar et al. 2013): the reliable assessment of optimal biomarkers for feedback control and the  
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Figure 6.1. Simplified model of a closed-loop neuromodulation system (adapted from Afshar et al. 2013). 

 

identification of alternative stimulation protocols that may be more therapeutically- and energy-

efficient compared with the conventional pattern of stimulation (Little and Brown 2012, Feng et al. 

2007(a)).  

 

One of the proposed biomarkers for closed-loop DBS for PD, recordable directly from the DBS 

electrode and used as a surrogate of pathological neuronal synchronization, is the subthalamic LFP 

beta activity (Brittain et al. 2014), in light of strong evidence that stimulation-induced suppression of 

pathological beta oscillatory activity correlates with improvement in both bradykinesia and rigidity 

(Kuhn et al. 2008, Eusebio et al. 2010, Priori et al. 2013). Moreover, analysis of subthalamic LFPs 

may be extended to the chronic condition (Rosa et al. 2010). Feedback controlled stimulation based 

on LFP beta power has been proven to be clinically more effective than both standard and random 

intermittent stimulation, and has been correlated to lower energy requirements in a pilot clinical 

study (Little et al. 2013). Nevertheless, the presence of  large stimulation artifacts in LFP recordings, 

the relatively low complexity dynamics captured by this signal, the normal phenomenon of 

suppression of LFP beta-band activity prior to or during movement and the absence of a reported 

positive correlation between treatment-induced suppression of beta oscillatory activity in the STN 

and the improvement in tremor or dyskinesias point to the need for exploring more sensitive 

biomarker approaches (Starr and Ostrem 2013, Little and Brown 2012). One alternative is the long-

term recording of cortical local field potentials (Ryapolova-Webb et al. 2014) using the Activa ® PC 

+ S neurostimulator (Medtronic, Inc., Minneapolis, MN) (Afshar et al. 2013, Rouse et al. 2012), a 

bidirectional investigational device that provides the possibility of both therapeutic stimulation and 

LFP recording (Sun and Morrell 2014). This approach has been motivated by the fact that cortical 

LFPs may be recorded with minimal intervention and stimulation artifact, and may effectively 
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capture the degree of pathological neuronal synchronization in PD, reflected in beta phase - gamma 

amplitude coupling in the primary motor cortex (M1) (de Hemptinne et al. 2013, Starr and Ostrem 

2013). Besides, employment of cortical recordings as a control signal in closed-loop stimulation has 

been correlated to increased clinical effectiveness compared with standard open loop stimulation in a 

pre-clinical proof-of-concept study (Rosin et al. 2011). Analysis of electromyography (EMG) signals 

during periods of movement and rest constitutes a further significant possibility provided by the 

Activa PC + S neurostimulator (Ryapolova-Webb et al. 2014). A related approach to non-invasive 

feedback control has been suggested by a pilot clinical study conducted by Basu et al (2013), 

wherein surface EMG in conjunction with an appropriately designed algorithm were used in order to 

predict the onset of tremor during time intervals of no stimulation. Meanwhile, novel neural probes 

offering the capability of concomitant DBS and recording are being gradually introduced (Lai et al. 

2012, Stypulkowski et al. 2013). In light of evidence that the therapeutic mechanism of stimulation 

may be partially explained by neurotransmitter release, ‗smart‘ DBS systems with electrochemical 

feedback may represent a further appealing option for closed-loop neuromodulation (Behrend et al. 

2009, Grahn et al. 2014, Farina et al. 2014, Jackowska and Krysinski 2013, Gross and McDougal 

2013). Within this framework, application of the Wireless Instantaneous Neurochemical 

Concentration Sensing System (WINCS) that incorporates both in vivo fast-scan cyclic voltammetry 

(FSCV) and amperometry for real-time detection of dopamine, adenosine, and serotonin is being 

investigated (Van Gompel et al. 2010, Parpura et al. 2013). Integration of carbon nanofiber 

nanoelectrodes in this system may allow for improved selectivity and sensitivity compared with 

traditional carbon fiber microelectrodes (Zhang et al. 2013, Koehne et al. 2011).  

 

At the same time, even more vigorous predictive biomarkers of PD and OCD pathophysiology are 

being intensively highlighted, including nonlinear coupling across multiple frequency bands in the 

basal ganglia and in cortical structures (Lopez et al. 2010, Yang et al. 2014, de Hemptinne et al. 

2013, Shimamoto et al. 2013, Connolly et al. 2015(a), Bahramisharif et al. 2015).  Assessment of the 

latter biomarker has largely relied on the evaluation of phase-amplitude coupling by means of the 

Hilbert transform (Tort et al. 2010). Remarkably however, the respective phase reconstruction 

method may be characterized by a high level of susceptibility to measurement noise (Sun et al. 

2008). We therefore suggest that by eliminating the sensitivity to measurement noise (Sun et al. 

2008, Rossberg et al. 2005) and by employing phase reconstruction-free methods (Gottwald and 

Melbourne 2009) in an automated closed- loop DBS system, the reliable assessment of cross-

frequency interactions may be substantially facilitated.  

 

Meanwhile, model-based control policies for the determination of temporally alternative stimulation 

protocols are being investigated (Wilson and Moehlis 2014, Danzl et al. 2009, Liu et al. 2011, Nabi 

et al. 2013, Lourens et al. 2015, Gorzelic et al. 2013, Dasanayke and Li 2015, Iolov et al. 2014, Tass 

and Hauptmann 2007, Tass et al. 2003, Hauptmann and Tass 2010, Tukhlina et al. 2007, Montaseri 
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et al. 2015, Su et al. 2014), while a positive proof-of-concept has been recently provided for 

coordinated reset neuromodulation (Adamchic et al. 2014). Very interestingly, a common 

denominator across the majority of these approaches has been the minimum energy desynchronizing 

control of neuronal activity. The rationale behind this objective lies in indications that temporally 

alternative DBS waveforms hold the potential to drive the neuronal dynamics within the basal 

ganglia back to the normal desynchronized state (Feng et al. 2007(a), (b)), thereby outperforming the 

action of standard DBS waveforms, the mechanism of which has been principally attributed to the 

reinforcement-driven regularization of neural firing patterns in the vicinity of the stimulated nucleus 

(McConnell et al. 2012, Grill et al. 2004, Santaniello et al. 2015 ). Perhaps more importantly, the use 

of alternative stimulation protocols may be favored, in terms of both short- and long-term clinical 

effectiveness, by the stabilizing effect of spike-timing dependent plasticity (STDP) on the 

desynchronized neuronal activity (Lourens et al. 2015). In our previous analysis (chapter 5), we 

employed a data-driven stochastic dynamical model and provided evidence for a possible correlation 

of the primary outcome measure, a quantity inversely related to the desynchronizing effect of 

temporally alternative patterns of stimulation, with clinical effectiveness of stimulation in PD. 

 

Relying upon the aforedescribed indications, in this study we elaborate on the algorithmic aspectst of 

a therapeutically- and energy-efficient closed-loop neuromodulation system for advanced PD and 

treatment-refractory OCD (figure 6.2). Specifically, we are first stating a series of methods robust to 

the presence of measurement noise (Rossberg et al. 2005, Gottwald and Melbourne 2009) that are 

employed in order to assess the presence of significant nonlinear coupling between beta and high-

frequency subthalamic activity, as a biomarker for feedback control, and further suggest a model-

based strategy through which optimal patterns and parameters of stimulation for minimum energy 

desynchronizing control of neuronal activity are being identified. We opt for a phase-reduced 

bursting neuron model (Sherwood and Guckenheimer 2010, Mauroy et al. 2014), given that 

increased neuronal bursting activity in the basal ganglia has been related to the pathophysiology of 

both PD and OCD (Piallat et al. 2011, Welter et al. 2011). Temporal patterns of stimulation are 

generated based upon a random (Poisson) process, since the desynchronizing and probably also the 

therapeutic effect of stochastic DBS waveforms has been previously proven to be significantly 

stronger compared with the effect of standard stimulation. Moreover, the efficiency of stochastic 

waveforms has been demonstrated to be robust against variations in neural activity and, therefore, 

possibly also against the non-stationary settings expected in clinical conditions. Determination of the 

precise optimal temporal pattern and parameters of stimulation is accomplished through the 

application of a derivative-free optimization algorithm (Custódio and Vicente 2007; Custódio et al. 

2010), in view of the fact that the neural response to DBS parameters may be a complex, non-

differentiable function (Feng et al. 2007(a)). Simulations are performed utilizing microelectrode 

recordings (MERs) acquired during 8 and 8 STN-DBS surgical interventions for PD and OCD, 

respectively. Finally, extending the results of our previous work, in this study, we attempt to provide 
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indications for a possible correlation of the principal model-based outcome measure, i.e. the 

invariant density of the simulated dynamical system, with clinical effectiveness of stimulation in 

treatment-refractory OCD. Overall, the results corroborate the ability of the presented modeling 

approach to identify stimulation settings associated with a significantly higher efficiency and 

selectivity compared with stimulation settings determined during post-operative clinical management 

of patients with PD or treatment-refractory OCD, while guaranteeing a relatively low computational 

cost. 

 

6.2. Patients and Methods 

 

6.2.1. Data Description 

 

We used MER data acquired during 8 STN-DBS surgical interventions for advanced PD at 

Evangelismos General Hospital of Athens and 8 STN-DBS surgical interventions for treatment-

refractory OCD at Grenoble University Hospital. This dataset was also used in our previous analysis 

(chapter 5).  A total of 31 acceptable MER trajectories acquired during STN-DBS for PD and 12 

acceptable MER trajectories acquired during STN-DBS for OCD was selected for off-line analysis. 

Preprocessing of each MER included its subdivision into three distinct neuronal populations: spiking 

activity acquired employing a five-point spike template (Wong et al. 2009), background unit activity 

reconstructed according to Moran et al. (2008), and local field potential (LFP) activity (1-300Hz). In 

order to keep pace with the proposed phase reduced bursting neuron model, following the assessment 

of the biomarker for feedback control, optimal patterns and parameters of stimulation were assessed 

only for sites at which bursting activity was recorded. A bursting or burst-like firing pattern of 

neuronal activity was identified as described in Steigerwald et al. (2008).  

 

6.2.2. Assessment of Cross-Frequency Coupling as a Biomarker for Feedback Control 

 

On grounds of  an extensive body of evidence pointing to increased nonlinear coupling between beta 

and high-frequency activity in cortical and subcortical structures as a pathophysiological correlate in 

PD and OCD (Lopez et al. 2010, Yang et al. 2014, Connolly et al. 2015 (a), Bahramisharif et al. 

2015), the beta-band-frequency (13-30Hz) envelope of the high-pass filtered (200-300Hz) LFPs or of 

the high-frequency signal component (300-500Hz) was first introduced as a biomarker for feedback 

control in the proposed closed-loop DBS scheme (figure 6.2). Analytically, the high-pass filtered 

signal was full-wave rectified, mean subtracted and downsampled to 1kHz. Subsequently, the 

derived signal was band-pass filtered at 13-30Hz by applying a complex-valued filter proposed by 

Rossberg et al. (2004). The robustness of this filter lies at its property to increase the signal to 

measurement noise ratio with respect to the complete dynamics of its impulse response. Moreover,  
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Figure 6.2. Schematic of the proposed closed-loop DBS system for (A) advanced PD and (B) treatment-refractory 

OCD. Applicability of cross-frequency coupling as a biomarker for feedback control in case of treatment-refractory 

OCD may be subject-specific. Accordingly, the presence of bursting neuronal activity was included as an alternative 

biomarker for feedback control in the respective closed-loop neuromodulation scheme. LFP: local field potential, 

HFOs: high-frequency oscillations; *short interburst interval and high intraburst frequency. Head model reproduced 

with permission from Inserm /Eric Bardinet, Jerome Yelnik and Luc Mallet. 

A 

B 
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the filter has been proven to cope with strong internal noise that constitutes a prominent 

characteristic of the recorded subthalamic neuronal activity. 

 

Following the employment of the complex-valued filter, we applied the 0-1 test for chaos 

(Gottwald and Melbourne 2009) to a logarithmic transformation of the complex magnitude of the 

filter output in order to assess the presence of significant nonlinear coupling between beta and 

high-frequency activity in the STN of patients with PD or OCD (figure 6.3). In addition to being a 

phase reconstruction-free method for the determination of regular or chaotic dynamics in a 

deterministic dynamical system, the 0-1 test for chaos retains the advantage, over the traditional 

methods for detecting chaos (using the maximal Lyapunov exponent), of displaying reduced 

sensitivity to measurement noise (Gottwald and Melbourne 2005). Briefly, for the first n=1,…, 

nmax=1000 samples of the input signal and cN =100 values of c chosen randomly in the interval 

(0,π) we evaluated the translation variables 
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where V  is the amplitude of the input signal. Secondly, considering the presence of measurement 

noise, we quantified for 
10

maxn
n   the damped mean squared displacement of the translation 

variables, as follows 
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where Mc(n) is the mean squared displacement of the translation variables, EV is the expectation 

of V, while parameter h is optimized as described in the next paragraph. After computing the 

strength of correlation of  nDc
*  with linear growth, Kc, the outcome of the test, tK , was given by 

 

  cKmedianK t (6.3) 

 

With respect to parameter determination, parameter h in (6.2) was defined based upon 

optimization of the outcome of the test across a subset of 12 MER trajectories in PD and 12 MER 

trajectories in OCD (figure 6.4A). We also used 1s (i.e. 1000 samples) of the input signal, since 

this value yielded the best trade-off between low computational cost and optimal outcome of the 

test (data not shown). In addition, 100cN  different values of c have been explicitly suggested 

to constitute an appropriate variable selection by Gottwald and Melbourne (2009).  
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Figure 6.3: Exemplary results of the methodology applied for the assessment of cross-frequency coupling, as a biomarker 

for feedback control, in the STN of a patient with (A) PD and (B) OCD. Employment of the 0-1 test for chaos, following 

the application of the complex valued-filter proposed by Rossberg et al. (2004), singled out sites with significant cross-

frequency coupling (test outcome < 0.1). On the contrary, following the application of a conventional, Butterworth band-

pass filter, the 0-1 test for chaos did not discriminate sites with significant cross-frequency coupling from sites without. 

Figures on the left display the power spectrum of the filtered signals (13-30Hz) along each exemplary trajectory.  
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Figure 6.4: (A) Determination of parameter h (eq. (6.2)), based upon optimization of the outcome of the 0-1 test for 

chaos across a subset of 12 MER trajectories in PD and 12 MER trajectories in OCD. According to the results, in case 

of PD, sensitivity to measurement noise had to be further decreased by assigning a unitary value to parameter h. (B) 
Cross-frequency coupling was identified at at least 1 site within the STN of each patient with PD (total:18 MERs). 
Approximately 67% of these sites were located at the dorsal border of the STN, while at 72.2% of these sites neuronal 

activity followed a bursting or burst-like firing pattern and was considered for further processing in the phase-reduced 

bursting neuron model. Contrary to the case of PD, cross-frequency coupling was identified within the STN of only 2 

patients with treatment-refractory OCD (total:4 MERs). 

 

6.2.3. Model-Based Strategy for the Identification of the Optimal Stimulation 

Protocol 

 

6.2.3.1 The Phase Model 

 

We used the stochastic phase model presented in chapter 5, inclusively allowing for the phase 

response dynamics of a bursting neuron in both weak and strong perturbation regimes (Sherwood 

and Guckenheimer 2010, Mauroy et al. 2014). The phase model is described by an Ito stochastic 

differential equation:  
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and, considering  rectangular stimulation waveform, CwI /0  (Ermentrout et al. 2011), 

C=1κF/cm2.

      

Variable  1,0  denotes the oscillator‘s phase,   is its natural frequency (considered equal to 

the mean firing rate), while K , r  and  symbolize the coupling strength, the degree of 

synchrony and the mean phase of the oscillators in the surrounding neural population,  

respectively. Also, a  represents the phase shift (set equal to ¼), inherent to nonlinear coupling 

(Rosenblum and Pikovsky 2007).  t  is zero mean Gaussian white noise, added independently 

to each oscillator, and  t  is colored (common) noise with zero mean, unitary variance and 

autocorrelation function  tC . Parameters I   and C  denote the intensity of  independent and 

common noise, and are determined based on the spiking activity signal component and the LFP 

signal component, respectively. Phase sensitivity functions  IR  and  CR  are evaluated 

according to Sherwood and Guckenheimer (2010) and Abouzeid and Ermentrout (2009), 

respectively. Function  ,Δ  represents the phase response curve (PRC) to a single (DBS) 

impulse and is evaluated according to Mauroy et al. (2014) (figure 6.5B). Parameter w  represents 

the stimulus pulse width, 0I  is the stimulus current amplitude and k  are the input times 

(  k0 ). Values of β are appropiately scaled according to the size of perturbations upon 

which the PRC is constructed. We consider that the inter-impulse interval (IPI) nnnΔ   1  

obeys a Poisson distribution with parameter ι and that stimulus trains have a mean frequency f.  

 

On grounds of the above assumptions, phase Eq. (6.4)  was solved according to the analysis 

described in chapter 5, i.e. by employing the Perron-Frobenius operator in order to extract the 

stochastic phase map from one stimulus cycle to the next. The iterative process converges to the 

steady-state phase distribution, i.e. the invariant density,  stp , normalized as   1
1

0

  stpd . 

Accordingly, we assessed the variance of the invariant density,   stpVar , as a quantity  

inversely related to the desynchronizing effect, but potentially also to the clinical effectiveness of 

stimulation. Ultimately, identification of the optimal stimulation protocol was based on 

minimization of the cost function 

                                   

                                         gPpVarfIwF   st0 ,,,       (6.5) 

 

where  RwfIP 
2
0   is the stimulation power (Koss et al. 2005). Parameter g  is a penalizing 

scalar (we set 25.0g ), while R  represents the electrode impendance (we consider R=1000Ω).           



6    Design of a Therapeutically- and Energy-Efficient Closed-Loop DBS System 
 

142 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: (A) Identification of a bursting firing pattern of neuronal activity at Central, -2.56mm, Left STN, case O2  

(left) based on the interspike interval (ISI) histogram (right). The histogram is characterized by a positively skewed 

distribution indicating a large fraction of short ISIs and a high intraburst frequency (κISI = 0.0179s; VarISI = 0.00069). 
(B) The phase response curve (PRC) evaluated according to Mauroy et al. (2014). 

 

6.2.3.2. The Model-Based Direct Search Method 

 

Cost function (6.5) is expected to exhibit a non-smooth behavior. We therefore employed a 

derivative-free optimization algorithm, in particular, a model-based direct search method 

(Custodio et al. 2010). This hybrid algorithm relies on the incorporation of minimum Frobenius 

norm (MFN) quadratic modeling into a direct search method of directional type. Thereby, the 

performance of the direct search method may be significantly improved. The respective code 

(SID-PSM) is a MATLAB implementation of a generalized pattern search method wherein the 

search step is enhanced by means of minimization of the MFN model and the poll step is 

evaluated according to a negative simplex gradient. The poll step will be only performed if the 

search step is not successful in assessing a lower objective function value. A mesh is considered, 

defined from a set of directions with proper descent properties. In case both search and poll steps 

are unsuccessful, the mesh is contracted by decreasing the mesh size parameter. In case of 

success, the mesh size parameter can be maintained or increased. During the course of  
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iterations, a pattern search method generates a number of function evaluations (figure 6.6). For 

the application of the algorithm, we consider the following constraints: 

    

              ,004.0001.0 0 AI  sw 21030  , Hzf 15020   and 303   .                  (6.6) 

 

Determination of pulse-width constraints is based on evidence that pulse durations <60 κs 

 

 

 

 

 

 

Table 6.1. Stimulation settings determined 

post-operatively during the last follow-up 

visit for patients with PD 

case Brain 

Hemi- 

sphere 

pulse 

width 

(μs) 

voltage 

(V) 

 

frequency 

(Hz) 

1 

Right 60 3.8 140 

Left 60 2.6 140 

     

2 

Right 60 1.8 130 

Left 60 1.7 130 

     

3 

Right 60 2.2 130 

Left 60 2 130 

     

4 

Right 60 1.5 130 

Left 60 1.3 130 

     

5 

Right 60 3.4 130 

Left 60 2.2 130 

     

7 

Right 90 2.7 150 

Left 90 2.9 150 

     

8 

Right 60 3.7 150 

Left 60 2.9 150 

     

9 

Right 90 3.2 140 

Left 60 2.7 140 

     

 

 

 

 

 

 

 

 

Table 6.2. Stimulation settings determined 

post-operatively during the last follow-up 

visit for patients with treatment-refractory 

OCD  

case Brain 

Hemi- 

sphere 

pulse 

width 

(μs) 

voltage 

(V) 

 

frequency 

(Hz) 

O1 

Right 60 2 130 

Left 60 2 130 

     

O2 

Right 60 4 130 

Left 60 4 130 

     

O3 

Right 60 1.9 130 

Left 60 2 130 

     

O4 

Right 60 2.4 130 

Left 60 2.4 130 

     

O5 

Right 60 2 130 

Left 60 2 130 

     

O6 

Right 60 1.5 130 

Left 60 1.5 130 

     

O9 

Right 60 3 130 

Left 60 2.3 130 

     

P5 

Right 60 2 130 

Left 60 2 130 
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Figure 6.6: Progression of the model-based direct search method for a single trial (Central -4.3mm, Right STN, case 

O3). (A) Cost function minimization was achieved after a total of 13 iterations and approximately 38 function 

evaluations. According to the algorithm, optimal stimulation settings for this particular example included a pulse width 

of 30κs (B), a current amplitude equal to 1mA (C), a stimulation frequency of 60Hz (D) and a Poisson parameter equal 

to 13 (E) . 
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D 
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may lead to increased selectivity of stimulation, i.e. activation of the targeted neural elements 

without activation of distant pyramidal tract fibers, and therefore possibly also to an increased 

therapeutic window of DBS (Reich et al. 2015, Grill 2015).  

 

The performance of the model-based direct search method (SID-PSM) in cases of PD and OCD 

was compared with the performance of a non-model-based generalized pattern search method 

(Matlab, Mathworks, Natick, MA), in terms of the resulting values of the invariant density 

measure, the stimulation power and the total computation time. We also assessed differences in 

terms of total computation time between the aforementioned methods and the genetic algorithm 

that has been previously recommended as appropriate for closed-loop optimization of DBS for 

PD (Feng et al. 2007(a)). Furthermore, stimulation settings determined by means of the presented 

modeling approach (combined application of the stochastic phase model and the model-based 

direct search method) were compared with stimulation settings determined post-operatively 

during the last follow-up for patients having undergone STN-DBS for PD or treatment refractory-

OCD (tables 6.1-6.2). The Mann–Whitney U test was used to determine the statistical 

significance of the differential performances. 

 

6.2.4 Assessment of a Possible Correlation of the Model-Based Outcome Measure 

with Clinical Effectiveness of Stimulation in OCD 

 

In order to assess a possible correlation of the invariant density measure with clinical 

effectiveness of stimulation in treatment-refractory OCD, we evaluated the variance of the 

invariant density,   stpVar , simulating the application of regular, 130 Hz stimulation, based on 

a total of 39 MERs of subthalamic neuronal activity acquired during DBS for OCD and 

characterized by a high discharge rate, a high intraburst frequency and a short interburst interval 

vs. a total of 39 MERs of subthalamic neuronal activity characterized by a low discharge rate, a 

low intraburst frequency and a long interburst interval. This specific approach was based on 

indications correlating the efficacy of standard STN-DBS for OCD with  locations of neuronal 

activity characterized by a high discharge rate and intraburst frequency, and a short interburt 

interval (Welter et al. 2011). Statistical significance was determined by means of the Mann–

Whitney U test. 

 

6.3. Results 

 

6.3.1 Combined Application of Complex-Valued Filtering and the 0-1 Test for 

Chaos for the Evaluation of Nonlinear Coupling 
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Figure 6.3 depicts exemplary results of the methodology applied for the assessment of cross-

frequency coupling, in the STN of a patient with PD (figure 6.3A) and a patient with OCD (figure 

6.3B), as a biomarker for feedback control in the proposed closed-loop neuromodulation schemes. 

Employment of the 0-1 test for chaos following the application of the complex valued-filter 

proposed by Rossberg et al. (2004) singled out sites with significant nonlinear coupling between 

beta and high-frequency activity (test outcome<0.1). Conversely, following the application of a 

conventional, Butterworth band-pass filter, the 0-1 test for chaos did not discriminate sites with 

significant non-linear coupling from sites without. This result was corroborated across the total of 

the MER trajectories examined and underscored the fact that the combined application of the 

complex-valued filter and the 0-1 test for chaos may successfully lead to the assessment of cross-

frequency coupling within the STN of patients with PD or OCD. In case of PD, sensitivity to 

measurement noise had to be further decreased by assigning a positive value to parameter h in eq. 

(2) (h=1, figure 6.4A). On the contrary, this improvement did not prove to be a prerequisite in 

case of OCD (h=0, figure 6.4A).  

 

6.3.2 Nonlinear Coupling may be a Reliable Biomarker for Feedback Control in 

case of PD 

 

Cross-frequency coupling was identified at a total of 18 MERs - sites within the STN of 8 patients 

with PD (case1: 2 sites; case 2: 1 site; case 3: 3 sites; case 4: 2 sites; case 5: 3 sites; case 7: 2 

sites; case 8: 1 site; case 9: 4 sites). Approximately 67% of these sites (n=12) were located at the 

dorsal border of the STN (figure 6.4B). These results are in line with evidence that beta-HFO 

coupling is closely correlated with the pathophysiology of PD and strongest at the dorsal border 

of the STN (Yang et al. 2014, Connolly et al. 2015 (a), Lopez et al. 2010), and further highlight 

the appropriateness of nonlinear coupling between beta and high-frequency neuronal activity as a 

biomarker for feedback control in PD. Neuronal activity at 13 out of the 18 sites with cross-

frequency coupling followed a bursting or burst-like firing pattern (figure 6.5A) (case1: 1 site; 

case 2: 1 site; case 3: 3 sites; case 4: 1 site; case 5: 3 sites; case 7: 2 sites; case 8: 1 site; case 9: 1 

site) and was considered for further processing in the bursting neuron model. At the remaining 5 

sites a rather irregular firing pattern was observed, and therefore these sites were excluded from 

subsequent analysis.  

 

6.3.3 Nonlinear Coupling may display Subject-Specific Applicability as a 

Biomarker for Feedback Control in case of OCD 

 

Contrary to the case of PD, cross-frequency coupling was identified at only 4 MERs - sites within 

the STN of 2 patients with OCD (case O2: 2 sites; case O3: 2 sites) (figure 6.5B). The latter fact 
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may be attributable to the low number of acceptable MER trajectories in case of STN – DBS for 

OCD. Otherwise, it  may imply that nonlinear coupling between beta and high-frequency activity 

is not consistently an appropriate biomarker for feedback control in closed-loop DBS for OCD 

(Bahramisharif et al. 2015) and that an alternative biomarker should be additionally considered 

(figure 6.2B). For this reason, on the basis of evidence pointing to a correlation of subthalamic 

bursting neuronal activity, characterized by certain features, with symptom severity and 

stimulation efficacy in OCD (Welter et al. 2011), we assessed, for the remaining of the cases 

wherein no cross-frequency coupling could be identified (or, despite the presence of cross-

frequency coupling, no bursting activity was observed at the respective site), the presence of 

bursting neuronal activity with specific characteristics, i.e. a short interburst interval and a  high 

intraburst frequency (κISI=0.0242 0113.0 s, VarISI=0.0059 0083.0 ). Specifically, we 

considered for further processing a total of 12 MERs (case O1: 1 site; case O2: 2 sites; case O3: 2 

sites; case O4: 1 site; case O5: 1 site; case O6: 1 site; case O9: 2 sites; case P5: 2 sites). 

 

6.3.4 Performance of the Presented Modeling Approach in terms of Efficiency, 

Selectivity of Stimulation and Computational Cost 

 

Implementation of the model-based direct search method (SID-PSM) and the non-model-based 

generalized pattern search method (Matlab, Mathworks, Natick, MA) for the determination of the 

optimal temporal pattern and parameters of stimulation indicated that, except for the current 

amplitude that was consistently maintained at its minimal value ( AI 001.00  ), both 

optimization procedures may discover multiple parameter values for  a specific site that are 

considerably different. This result is in line with the conclusions reported in Feng et al. (2007(a)). 

Accordingly, for each site, we acquired 5 sets of parameter values, by means of each distinct 

solver, and assessed the respective mean values illustrated in figures 6.7 and 6.8.  

 

Statistical analysis in cases of PD and OCD corroborated a significantly higher performance of 

the model-based direct search method, in terms of both stimulation power and computation time 

corresponding to the optimal stimulation settings, compared with the generalized pattern search 

method (p< 0.0001, Mann–Whitney U test), while an almost equivalent effect was observed on 

the invariant density measure (pPD=0.3299, pOCD=0.4705, Mann–Whitney U test) (figures 6.9, 

6.10). Remarkably, and contrary to the suggestion in Feng et al. (2007(a)), implementation of the 

genetic algorithm was associated with prohibitively long execution times (> 1 hour). Optimal 

stimulation settings determined by means of the model-based direct search method in case of PD 

included a pulse width equal to 33.36  1.06 κs,  a frequency equal to 39  3.43 Hz and a Poisson 

parameter equal to 19.8  0.92 (mean  standard error mean), and in case of OCD, a pulse width 

equal to 33.75  1.29 κs,  a frequency equal to 53.24  5.2 Hz and a Poisson parameter  
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Figure 6.7: Implementation results of the model-based direct search method (SID-PSM) vs. a non-model-based direct 

search method (Matlab, Mathworks, Natick, MA) for the determination of the optimal temporal pattern and parameters 

of stimulation based on 13 MERs acquired during STN-DBS surgery for advanced PD. For each site, we acquired 5 

sets of parameter values, by means of each distinct solver, and assessed the respective mean values displayed in (A)-

(D). The current amplitude, after application of both optimization procedures,  was consistently maintained at its 

minimal value ( AI 001.00  ). 
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Figure 6.8: Implementation results of the model-based direct search method (SID-PSM) vs. a non-model-based direct 

search method (Matlab, Mathworks, Natick, MA) for the determination of the optimal temporal pattern and parameters 

of stimulation based on 12 MERs acquired during STN-DBS surgery for treatment-refractory OCD. For each site, we 

acquired 5 sets of parameter values, by means of each distinct solver, and assessed the respective mean values depicted 

in (A)-(D). The current amplitude, after application of both optimization procedures, was consistently maintained at its 

minimal value ( AI 001.00  ). (E) Taking into consideration the results presented in figure 6.6, following the 

application of the model-based direct search method, the mean optimal stimulation frequency proved to be significantly 

higher in case of OCD compared with PD (*p=0.02, Mann–Whitney U test). 
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Figure 6.9: Performance of the proposed modeling approach in terms of efficiency of stimulation and computational 

speed in case of advanced PD. (A)-(C) Comparison of the model-based direct search method (SID-PSM) with a non-

model-based direct search method (Matlab, Mathworks, Natick, MA) corroborated a significantly higher performance 

of the former method, in terms of both (B) stimulation power and (C) computation time (*p<0.0001, Mann–

Whitney U test) corresponding to the optimal stimulation settings, while an almost equivalent effect was observed on 

the invariant density measure (pPD=0.3299, Mann–Whitney U test). (D)-(E) Statistical analysis corroborated the ability 

of the proposed model-based strategy (combined application of the stochastic phase model and the model-based direct 

search method) to identify stimulation settings that yield significantly lower values of the invariant density measure and 

stimulation power compared with the stimulation settings determined post-operatively during the last follow-up 

(*p<0.0001, Mann–Whitney U test). Errorbars indicate standard error mean. 
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Figure 6.10: Performance of the proposed modeling approach in terms of efficiency of stimulation and computational 

speed in case of treatment-refractory OCD. (A)-(C) Comparison of the model-based direct search method (SID-PSM) 

with a non model-based direct search method (Matlab, Mathworks, Natick, MA) corroborated a significantly higher 

performance of the former method, in terms of both (B) stimulation power and (C) computation time (*p<0.0001, 

Mann–Whitney U test) corresponding to the optimal stimulation settings, while an almost equivalent effect was 

observed on the invariant density measure (pOCD=0.4705, Mann–Whitney U test). (D)-(E) Statistical analysis 

corroborated the ability of the proposed model-based strategy (combined application of the stochastic phase model and 

the model-based direct search method) to identify stimulation settings that yield significantly lower values of the 

invariant density measure and stimulation power compared with the stimulation settings determined post-operatively 

during the last follow-up (*p<0.0001, Mann–Whitney U test). Errorbars indicate standard error mean. 
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equal to 19.81  1.02 (mean  standard error mean) (figure 6.8E). In addition, statistical analysis 

corroborated the ability of the proposed model-based strategy (combined application of the 

stochastic phase model and the model-based direct search method) to identify stimulation settings 

that yield significantly lower values of the invariant density measure and stimulation power 

compared with the stimulation settings determined post-operatively (p<0.0001, Mann–

Whitney U test) (figures 6.9D-E, 6.10D-E). Notably, the differential desynchronizing effect on 

neuronal activity exerted by the model-based stimulation settings vs. the stimulation settings 

determined post-operatively may be qualitatively reflected in the distinct form of the respective 

stochastic kernels (figure 6.12). Overall, the above results combined with the reported possible 

correlation of the invariant density measure with clinical effectiveness of stimulation in PD, but 

probably also in OCD (see next paragraph), highlight an outstanding performance of the proposed 

modeling approach not only in terms of efficiency and selectivity of stimulation (Grill 2015), but 

also in terms of computational speed. 

 

6.3.5 Possible Correlation between the Invariant Density Measure and Clinical 

Effectiveness of Stimulation in OCD 

 

Figure 6.11 displays the results obtained by assessing the variance of the invariant density based 

on a total of 39 MERs of subthalamic neuronal activity acquired during DBS for OCD and 

characterized by a high discharge rate, a high intraburst frequency and a short interburst interval 

vs. a total of 39 MERs of subthalamic neuronal activity characterized by a low discharge rate, a 

low intraburst frequency and a long interburst interval. Essentially, the desynchronizing effect of 

standard 130Hz stimulation proved to be significantly stronger in the former case compared with 

the latter (p< 0.01, Mann–Whitney U test). This result points to a possible correlation of the 

principal model outcome measure, the variance of the invariant density, with clinical 

effectiveness of stimulation in OCD, since values of this measure are proven to be lower at 

locations of neuronal activity that have been correlated with the best clinical outcome of STN-

DBS for OCD (Welter et al. 2011).  

 

Last, we should comment on the fact that, following the application of the model-based direct 

search method, the mean optimal stimulation frequency proved to be significantly higher in case 

of OCD compared with PD (p<0.05, Mann–Whitney U test), while a similar outcome was 

obtained with respect to the mean optimal pulse width and the mean optimal Poisson parameter 

(figure 6.8E). We suggest that differences in the underlying pathophysiology (Piallat et al. 2011, 

Welter et al. 2011) may have led to the observed differences in optimal stimulation frequency in 

case of PD vs. treatment-refractory OCD. 
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Figure 6.11: Assessment of the mean  standard error mean variance of the invariant density based on a total of 39 

MERs of subthalamic neuronal activity acquired during DBS surgery for treatment-refractory OCD and characterized 

by a high mean discharge rate (39.7 71.14 Hz), a high intraburst frequency and a short interburst interval (κISI = 

0.0289 0114.0 s, VarISI = 0.0038 0056.0 ) vs. a total of 39 MERs of subthalamic neuronal activity characterized by a 

low mean discharge rate (13.53 13.7 Hz), a low intraburst frequency and a long interburst interval  (κISI = 

0.1072 093.0 s, VarISI = 0.0265 0542.0 ). The mean desynchronizing effect of standard, 130Hz stimulation proved 

to be significanlty stronger in the former case compared with the latter (*p< 0.01, Mann–Whitney U test). 

 

6.4. Discussion 

 

Bikson et al. (2015) remark: ―Approaches using closed-loop stimulation are inherently state 

dependent and require computational neurostimulation.‖ Elaborating on this concept and 

considering the implications of the current approach, we make the following two key  

observations: first, though evidence about the pathophysiology of medically refractory 

neurological and neuropsychiatric disorders remains to date to a large extent inconclusive, a  

growing body of basic and clinical work supports the important role of nonlinear coupling 

between beta and high-frequency activity in the pathophysiology of PD (Voytek and Knight 

2015), thereby pointing to a possible utility of this measure as a state biomarker in closed-loop 

neuromodulation approaches for PD.  The results of this study incline towards this hypothesis by 

corroborating the presence of cross-frequency coupling for each case with advanced PD. On the 

contrary, the appropriatness of this feature as a state biomarker proved rather subject-specific in 

case of treatment-refractory OCD. An alternative biomarker of OCD severity, intense subthalamic 

bursting activity (Welter et al. 2011), had, therefore, to be applied. Second, throughout this 

analysis, we attempted to provide compelling evidence for the applicability of computational 

neurostimulation to real-time, closed-loop DBS systems (Little and Bestmann 2015). The 

computational model used operates on the principles of phase reduction and phase- resetting  

(Canavier 2015) that are inherently characterized by simplicity and analytical tractability (Kiss et  
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Figure 6.12: Stochastic kernels derived by fitting the phase-reduced bursting neuron model to a MER acquired during 

STN-DBS surgery for (A) PD and (B) OCD, and simulating application of post-operative (left panels) vs. model-based 

stimulation settings (right panels). The stronger desynchronizing effect on neuronal activity exerted by the model-based 

stimulation settings is qualitatively reflected in the intense form of the respective stochastic kernels. 

 

al. 2007), and further incorporates the dynamics of neuronal bursting activity that comprises a 

hallmark of PD and OCD pathophysiology. 

In the previous chapter, we provided important indications for the realistic substructure of the 

stochastic phase model and further highlighted a possible correlation of the primary outcome 

measure with clinical effectiveness of stimulation in PD. By extending the latter result to the case 

of treatment-refractory OCD, we here prove that the proposed model-based strategy may 

outperform post-operative clinical management in terms of therapeutic efficiency of stimulation 

for both pathologic conditions. By yielding a mean optimal pulse width equal to ~33κs, values of 

stimulation frequency significantly lower as compared to standard stimulation and by maintaining 

the optimal current amplitude at its minimal value, the model-based strategy proves to further 

achieve a significanlty higher performance in terms of both selectivity and energy efficiency of 

stimulation compared with post-operative clinical management. In addition to the employment of 

the phase-reduced bursting neuron model, the application of direct search optimization based on 

B 

A 
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quadratic modeling has significantly contributed to the performance of the presented approach. In 

particular, beyond the aforementioned outcome, application of the model-based direct search 

method has been associated with a significantly higher computational speed compared with 

alternative derivative-free optimization algorithms (generalized pattern search method, genetic 

algorithm).  

Modeling approaches similar to those proposed in this work may display greater fidelity in the 

framework of constant current stimulation. The evolution from the use of constant-voltage to 

constant-current DBS devices appears to have been motivated by the rationale that constant-

current stimulation would accommodate for inter-patient and temporal fluctuations in the 

impedance of the tissue and electrode-tissue interface (Lempka et al. 2009;2010, Bronstein et al. 

2014, Hartmann et al. 2015). Though no randomized trials comparing the effects of constant-

voltage vs current-controlled pulse generators have to date been conducted, it has been suggested 

that  a constant current device may be correlated with improved clinical effectiveness (Gross and 

McDougal 2013, Okun et al. 2012, Timmermann et al. 2015).  
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7 

 

Contribution of the Dissertation and Research 

Perspectives 

 

 

Whereas DBS merits further study as a treatment for carefully selected patients with severe, chronic, and 

treatment-resistant psychiatric illness, the long-term value of DBS might be to help elucidate the 

underlying neurocircuitry of psychiatric syndromes so that new, less invasive but anatomically targeted 

treatments can be developed. 

W K Goodman and T R Insel (2009) 

 

 

 

7.1.   Contribution of the Dissertation 

 

Optimization of stimulation parameters and patterns, as well as adaptive stimulation paradigms lie 

within the core future developments in the field of DBS for neurological and psychiatric disorders 

(Metman and Slavin 2015, Wojtecki et al. 2012). Moving into the mainstream, the principal 

contribution of this dissertation has been the algorithmic design of a therapeutically- and energy-

efficient closed-loop deep brain stimulation (DBS) system for Parkinson‘s disease (PD) and 

treatment-refractory obsessive-compulsive disorder (OCD), by means of stochastic dynamical 

modeling. In that respect, we provided strong indications for the applicability of computational 

neurostimulation to the optimization of the clinical outcome of electrical DBS in movement and 

neuropsychiatric disorders.  

 

In particular, throughout this work we provided evidence 

 

 for the realistic substructure of the developed stochastic dynamical models simulating the 

collective dynamical and response properties of subthalamic oscillatory activity in the 

pathological state. 



7    Contribution of the Dissertation and Research Perspectives 
 

158 

 

 

 

 for a possible correlation between the principal model-based outcome measure, a quantity  

inversely related to the speculative desynchronizing effect of stimulation, and clinical 

effectiveness of stimulation in advanced PD and treatment-refractory OCD. 

 

 that the desynchronizing and probably also the therapeutic effect of low-frequency 

stochastic DBS waveforms may be significantly stronger compared with the effect of 

standard stimulation (periodic at 130Hz) in advanced PD and treatment-refractory OCD. 

 

 for the ability of the presented model-based, closed-loop neuromodulation scheme to 

identify, at a relatively low computational cost, stimulation settings associated with a 

significantly higher efficiency and selectivity compared with stimulation settings 

determined during post-operative clinical management of patients with advanced PD and 

treatment-refractory OCD. 

 

 that cross-frequency coupling may be an appropriate biomarker for feedback control in 

closed-loop DBS for advanced PD, but may display subject-specific applicability in 

closed-loop DBS for treatment-refractory OCD. 

 

 

7.2.   Research Perspectives 

 

Advances in neuroengineering, neurosurgery and robotics coupled with a deeper understanding of 

neuronal circuits underlying the pathophysiology of brain disorders have paved the way for 

groundbreaking applications in a broad field of research termed neuroprosthetics (Borton et al. 

2013, Patil and Turner 2008, Schwartz et al. 2006). One of the major approaches in this field 

exploits electrical and/or chemical neuromodulation paradigms, aiming at the improvement of the 

lives of people not only with movement and neuropsychiatric disorders, but also with spinal cord 

injury (van den Brand et al. 2015), chronic pain (Al-Kaisy et al. 2014) and blindness (Lovell et al. 

2007, Hadjinicolaou et al. 2015). If appropiately adapted, some of the methods elaborated in this 

thesis may be applied to the optimization of stimulation in the aforementioned latter cases as well.  

 

Further important considerations for efficient closed-loop neuromodulation include the 

optimization of the stimulation waveform (Wongsarnpigoon and Grill 2010, Foutz and McIntyre 

2010, Hofmann et al. 2011), of the circuit topology (Stanslaski et al. 2012, Rouse et al. 2011, Lee 

et al. 2015) and of contact selection (Connolly et al. 2015(b)), as well as the incorporation of 
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1https://projectreporter.nih.gov/project_info_description.cfm?icde=0&aid=8754244 

 

neurochemical control (Grahn et al. 2014, Ward and Irazoqui 2010) and the adjustment of closed-

loop neuromodulation systems to the phenotypical heterogeneity of neurological and 

neuropsychiatric disorders (Connolly et al. 2015(c), Widge and Moritz 2014). Cumulative 

research towards these directions may ultimately favor the optimization of less invasive, 

groundbreaking treatment options including closed-loop optogenetic control (Nguyen et al. 2014, 

Grosenick et al. 2015). 

Finally, along other avenues of research, there exist especially optimistic perspectives for the 

applicability of model-based feedback control principles to the control of epidemic infections 

including neonatal sepsis, one of the leading killers of children worldwide (Schiff 20151).  
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