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1. Zusammenfassung 
Das Gehirn eines Individuums wird mit einer Flut von Stimuli konfrontiert, welche durch das 

‚Sensomotorische Gating‘ (SG) gefiltert werden, um eine Fokussierung auf relevante Stimuli 

zu ermöglichen. Eine valide Nachweismethode des SG stellt die sogenannte Präpulsinhibition 

(PPI) des Schreckreflexes dar 1. Hierbei wird die Verringerung des Schreckreflexes durch ein 

vorheriges sensorisches Warnsignal gemessen und kann in Prozent angegeben werden. Der 

Mechanismus des SG und der PPI wird mit Hirnstrukturen in Verbindung gebracht, die partiell 

in die sogenannten kortiko-striato-thalamo-kortikalen Bahnen eingebunden sind. Diese 

wiederum gelten bei verschiedenen psychiatrischen Erkrankungen wie z.B. dem Tourette-

Syndrom (TS) und bei Zwangserkrankungen (OCD) als dysreguliert 1. Dementsprechend war 

die Fragestellung naheliegend zu untersuchen, ob bei Patienten mit dem TS und OCD 

Veränderungen des SG zu detektieren sind und ob diese durch eine neuromodulative 

Behandlung mittels tiefer Hirnstimulation (THS) beeinflusst werden 1. Die Studie, welche dieser 

Dissertation zugrunde liegt, untersuchte die PPI des akustischen Schreckreflexes von 10 

Patienten mit TS und 8 Patienten mit OCD, welche mit THS der Thalamus-Kerne 

beziehungsweise der ‚striatalen Region‘ vorderer Schenkel der Capsula interna und des 

angrenzenden Nucleus accumbens behandelt wurden sowie 18 gesunden Kontrollen, welche 

in Alter und Geschlecht mit den Patienten übereinstimmten 1. Die PPI der THS-Kohorten wurde 

zweimalig (in der Stimulation-ON sowie Stimulation-OFF Bedingung) unter randomisierten 

Bedingungen gemessen 1. Die statistische Analyse ergab keine signifikanten Unterschiede der 

PPI (gemessen in Prozent) zwischen der ON- und OFF-Bedingung der Patienten mit TS sowie 

auch der Patienten mit OCD. Wir fanden jedoch eine signifikant verringerte PPI bei Patienten 

mit dem TS in der ON-Bedingung im Vergleich zu gesunden Kontrollen. Allerdings ergab sich 

kein signifikantes Ergebnis hierfür in der OFF-Bedingung 1. Die Studie weist Limitationen auf. 

Die Stichprobengrößen sind aufgrund der Seltenheit des Therapieverfahrens bei psychischen 

Erkrankungen klein. Um die Gruppengröße nicht noch weiter zu verkleinern, stellte der 

Konsum psychoaktiver Medikation und Nikotin kein Ausschlusskriterium dar, obwohl bekannt 

ist, dass beide Faktoren die Präpulsinhibition beeinflussen. Die Tiefe Hirnstimulation umfasst 

einen initialen neurochirurgischen Eingriff, jedoch wurde vor der Operation kein Ausgangswert 

der PPI erhoben. Dies verhindert die Möglichkeit, Auswirkungen der chronischen Stimulation 

im Längsschnittverlauf zu untersuchen1.  Unter Berücksichtigung der Limitationen konnte 

durch die Studie zusammenfassend gezeigt werden, dass die PPI bei Patienten mit TS 

beeinträchtigt ist. Dieses Ergebnis stimmt mit bisherigen Studien überein. Frühere 

Forschungsergebnisse unserer Arbeitsgruppe, die auch eine beeinträchtigte PPI bei Patienten 

mit OCD gezeigt hatten, konnten nicht repliziert werden. Die Beeinträchtigung des SG spielt 

bei vielen psychiatrischen Erkrankungen eine zentrale Rolle, sodass weitere wissenschaftliche 

Studien erfolgen sollten, um die zugrundeliegenden krankheitsspezifischen 
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neuroanatomischen und funktionalen Verschaltungen zu entwirren, sowie 

Einflussmöglichkeiten durch neuromodulative Verfahren zu verifizieren1.  

2. Summary 
The environment surrounding an individual causes a flood of stimuli, which are filtered in the 

brain with a mechanism called sensorimotor gating (SG), to ensure that only relevant 

information reaches consciousness. An important mechanism in this process is the startle 

reflex. Prepulse inhibition is a scientific tool to measure the reduction of the startle reflex that 

is induced by a prior sensory warning signal and can be stated in percent. The mechanism of 

SG and PPI are discussed to cross brain pathways in functional loops starting in the cortex, 

passing on to the striatum, to the thalamus and returning to the cortex (CSTC-loops). 

Researchers suggests that in Tourette-Syndrome (TS) and Obsessive-Compulsive-Disorder 

(OCD), these pathways are dysregulated 1. Thus, the question arose if abnormal SG can be 

detected in patients with TS and OCD and how the neuromodulative treatment with deep brain 

stimulation (DBS) influences SG 1. The study underlying this dissertation investigated changes 

of PPI of the acoustic startle reflex by DBS of the thalamic nuclei and the anterior limb of the 

internal capsule nucleus accumbens respectively, and included 10 patients with TS, 8 patients 

with OCD and 18 healthy controls, who matched in age and gender 1. Patients were measured 

twice, during active stimulation (ON-condition) and when the stimulation was switched off 

(OFF-condition), and randomization of the order of condition was used to enhance reliability 1. 

We found no significant difference in PPI (measured in percent) between the ON- and OFF-

condition in patients with TS as well as patients with OCD. Yet, the analysis revealed 

significantly reduced PPI levels of patients with TS in the ON-condition compared to healthy 

controls. However, the comparison did not reach significance for the OFF-condition 1. As DBS 

is still a rare treatment in psychiatric diseases, a small sample size limits our results. 

Furthermore, nicotine and psychoactive medication have been shown to influence PPI levels 

but were not controlled for in our study. DBS includes an operative neurosurgical procedure, 

but we did not collect PPI data before the surgical procedure took place so that we were not 

able to assess any data of long-term stimulation effect 1. Keeping these limitations in mind, the 

main finding of our study was that PPI is altered in patients with TS which is supported by 

research results to date. However, our results differ from our previously published data where 

we found significantly reduced PPI levels in patients with OCD. As the exact effect of deep 

brain stimulation on cortical functions remains unknown, we suggest further research to 

disentangle its potentials and limitations 1.  
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3. Introduction 

3.1 The startle reflex and mechanism of prepulse inhibition 
Imagine working focused on your laptop. You were alone in your office when you started 

working, but suddenly you realize your colleague is sitting at his desk next to yours. You would 

probably say “Oh hi, I didn’t hear you come in!”, though this is only partly correct. Because 

beside environmental stimuli that you are aware of, your organism is confronted with a flood 

of stimuli that remain unaware. In this case, you heard your colleague come in – your brain 

just decided that the information was not relevant so that it did not reach consciousness. 

Therefore, the organism suppresses (“gates”) irrelevant sensory, cognitive and motor signals 

to ensure that only important information reaches consciousness. This mechanism is called 

sensorimotor gating (SG). This inhibitory control of afferent and efferent signals affects 

automatic, involuntary processes, as well as behaviour and cognition 2. 

 

An experimental measure of SG is Prepulse inhibition (PPI), which involves the startle reflex 

– an evolutionary essential reaction of protection. A confrontation of a human being with an 

unexpected auditory, tactile or visual stimulus results in a reflexive contraction of skeletal and 

facial muscles 1. This reflex occurs in all mammals and primates 2. The auricular startle reflex 

involves the exposure to a loud noise. The acoustic stimulus is forwarded within the cochlear 

brain nerve and reaches the cochlear nuclei within the brainstem. If the original stimulus 

intensity reaches a certain threshold of about 80dB for humans, the information passes on to 

the ventrolateral tegmental nucleus and the caudal pontine reticular nucleus (PnC) within the 

brainstem. The PnC excites the motor neurons, followed by the motor response 2. Among other 

muscle contractions, a blink reflex occurs. The amount of this startle reflex can be modulated. 

The protection of processing hypothesis suggests that if a sensory signal (which will be called 

pulse in this experimental measure) is preceded by a weaker sensory signal (called prepulse 

in this experimental measure) within an interval of 30-500ms, sensory processing is buffered 

by inhibiting the pulse processing 1. Therefore, the cochlear nuclei not only project to relevant 

structures of the startle reflex. They also send excitatory signals to the inferior colliculus and 

the pedunculopontine tegmental nucleus (PPTg) within the brainstem. The PPTg is a central 

pattern within the mechanism of SG. It inhibits the PnC which in turn leads to an inhibition of 

the motor response. Therefore, it receives multiple afferences.  

 

Whereas the direct connection from the cochlear nuclei and an indirect loop connection over 

the inferior and superior colliculus activate the PPTg, it is also modulated by limbic and basal 

ganglia structures: the medial prefrontal cortex / orbitofrontal cortex, basolateral amygdala and 

nucleus accumbens (NAc) display inhibitory effects on the nuclei 1. Lesions within these limbic 
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and basal ganglia tissues as well as lesions of the superior and inferior colliculus and even 

more the PPTg have been shown to induce changes of PPI 2. In consequence, research 

focuses on changes of PPI in mental diseases associated with dysfunctions within the CSTC 

and limbic loops. It is most thoroughly investigated in patients with schizophrenia, a psychiatric 

disorder that is associated with hyperactive dopaminergic abnormalities in the basal ganglia 3. 

Nowadays, abnormal levels of inhibition have been found in a range of other neuropsychiatric 

disorders associated with (partially dopaminergic) alterations in the above-mentioned loops, 

including the TS and OCD 2,4,5.  
 

As stated earlier, PPI can be measured using the blink reflex as a part of the startle reaction 1. 

The blink reflex occurs as a contraction of the orbicularis ocular muscle. The amount of muscle 

contraction can be measured using electromyography (EMG). The amplitude of muscle 

contraction in micro-Volt is recorded within a given interval after every prepulse, pulse or 

prepulse-and-pulse stimulus (16). As the amplitude of muscle contraction is individual, the 

amount of inhibition of startle by the prepulse-to-pulse trials compared to pulse alone trials can 

be stated in percent for the purpose of comparability.  

 

   
Figure 1. Example of an EMG signal following prepulse alone (PPA) stimulus, pulse 
alone (PA) stimulus and a stimulus with prepulse to pulse stimulus-onset asynchrony 
(SOA) of 120ms. Description of trials is given from left to right. No major muscle contraction 
of the orbicular oculi muscle occurs following PPA stimulus. Muscle contraction occurs 
following PA stimulus and following the stimulus with SOA of 120ms. A reduced amplitude can 
be observed in the SOA 120 trial compared to the PA trial in terms of prepulse inhibition (PPI). 
Source: custom written Matlab program (MathWorks, Natick, MA, USA) developed in our clinic 
to visually inspect and analyse PPI data 1.  
 

3.2  Tourette Syndrome 

3.2.1. Diagnostic criteria and pathophysiology 
TS is characterized by multiple motor tics and at least one vocal tic, which can occur 

independent from each other 1. To diagnose TS in a psychiatric patient, according to the fifth 

edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5), symptoms need 

to occur before the age of 18 and need to persist for at least one year, though they may wax 
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and wane 6. Comorbid psychiatric conditions include attention deficit disorder, OCD, anxiety 

disorders and depression 6,7. Short, rapid and non-rhythmic muscle contractions cause both 

stereotypic motor tics and – in case they involve contractions of respiratory, laryngeal, oral or 

nasal muscles – vocal tics 1. This may involve either isolated muscles (especially of the face 

and neck) or a variety of muscle groups, thereby causing simple or coordinated complex tics. 

Tics usually surface as normal motor gestures, although they characteristically occur 

involuntary. Patients describe uncomfortable sensory phenomena such as bodily sensations 

or an irresistible urge to move, both of which occur prior to a motor or vocal tic. This 

phenomenon called the premonitory urge. They often interpret the subsequent tic as a rather 

intentional movement to relieve the involuntary sensation. In reaction to this, many patients 

can temporarily suppress or postpone tics. The appearance of tics is also modulated by the 

mental state. Relaxation, distraction or acts with need for selective attention decrease tic 

frequency, whereas stress increases its frequency 8. Tic spectrum and severity are commonly 

assessed by the Yale Global Tic-Severity Scale (YGTSS). This semi-structured interview 

allows a disease-experienced interviewer to evaluate the number, complexity, intensity, 

frequency and interference of a patient’s symptoms 9. Though in about 90% of patients tics do 

not persist or at least improve in adulthood 10, the remaining 10% of patients tend to show a 

chronic, sometimes even progressive and pharmacotherapeutic-resistant course of disease.  

 

The origin and pathophysiology of the premonitory urge and the following tics are still under 

investigation. Especially the frontal and prefrontal areas, the ventral striatum, corpus callosum, 

thalamus and midbrain seem to interfere with the regulation of movement sequences. There 

is a scientific consensus that the connectivity between these areas is altered, but the exact 

mechanisms of dysfunction remain a matter of debate and further research. Neuroimaging 

studies in accordance with research of sensorimotor integration suggest that tics may originate 

from dysfunctions within the CSTC loops, causing thalamo-cortical overactivity 8. On a 

biochemical basis, abnormalities in a wide range of neurotransmitters have been described. 

Noradrenergic, glutamatergic, opioid, cholinergic, gamma-aminobutyric acid (GABAergic) and 

serotoninergic transmitter systems may therefore all affect the pathology of TS in a certain 

extent 11. However, pathophysiological models predominantly focus on a hypothesized 

disinhibition of CSTS loops caused by deficient transmissions of dopamine. Various nuclear 

imaging studies, cerebrospinal fluid analyses and post-mortem brain studies report on 

hyperfunctions or an imbalance within the dopamine system 11. Specifically, studies showed 

that the number of cortical and striatal dopamine transporters increased and that binding to the 

basal ganglia and release of dopamine is altered 12. 
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3.2.2. Treatment 
In many patients, tics barely limit psychosocial functioning and therefore medical treatment is 

not required. Nevertheless, in other cases the tic symptomatology may cause individual 

distress factors such as uncertainty about the condition or self-stigma 13. To address the entire 

psychosocial and motoric symptom spectrum, educational therapy is implemented. By 

improving the knowledge of illness and treatment options in a patient, this therapeutic approach 

aims to enhance coping strategies and motivate autonomous handling. Habit reversal training 

(HRT) rather focuses on symptom reduction by developing an awareness of when tics are 

about to occur. In reaction to the urge to tic, the patient can develop behaviour focussed on 

stopping the tic or redirecting it to socially accepted gestures. Yates et al. compared these 

psychotherapeutic approaches and found that both treatments decreased tic severity and 

the patient’s overall quality of life. Habit reversal training was found to be more effective in 

reducing motor tics, measured by the YBOCS 14. A meta-analysis in 2014 indicated that 

empirically, habit reversal training is the treatment of choice 15. 

 

The European Clinical Guidelines for Tourette Syndrome and Other Tic Disorders suggest that 

pharmacological treatment should be considered if tics cause subjective discomfort, 

functional interference or social problems 16. In accordance with research results of the 

underlying pathophysiology of TS, up to now the modulation of the dopaminergic transmission 

is the most effective pharmacological treatment approach 12,17. Typical antipsychotics 

preferably antagonize dopaminergic D2 receptors so that thalamo-cortical movement-related 

activity is inhibited. High potency agents such as haloperidol, pimozide and fluphenazine are 

effective for both motor and vocal tic reduction in about 70% of patients 12,14,17. The high 

frequency of adverse effects, especially regarding the extrapyramidal symptoms and 

drowsiness, limits the use of typical antipsychotics. Atypical antipsychotics modulate the D2 

receptor in a smaller extent and also modulate D3, D4, serotonin- and other receptors. 

Therefore, the pharmacological agents show smaller extrapyramidal side effects and some of 

the agents also show a smaller increase of prolactin level compared to typical antipsychotics 
17. Still, reported adverse effects include weight gain, a prolonged cardiac QTc interval, a 

lowered seizure threshold and drowsiness 12,16-18. Tetrabenazine and deutetrabenazine inhibit 

the vesicular monoamine transporter 2. This intracellular particle transports dopamine, 

norepinephrine and serotonin from the synaptic vesicles to the synapse. Though research data 

is rather weak, both agents were found to be effective in some rather small studies. Other 

transmitter systems, such as the noradrenergic, serotoninergic or GABAergic, appear to be 

involved in the pathophysiology of TS as well. Tic treatment may therefore also involve a range 

of non-dopaminergic agents. This includes Clonidine and Guanfacine (alpha-2 receptor 

agonists), baclofen (GABA-B receptor agonist), topiramate (GABA agonist, AMPA receptor 
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antagonist) and botulinum toxin (neurotoxic acetylcholine release inhibitor) 19. The efficacy of 

Valbenazine (the third Vesicular Monoamine Transporter 2 Inhibitor), Cannabinoids, 

Clonazepam and dopamine D1 receptor antagonists is not sufficiently researched yet but might 

be further investigated in the future. Notably, psychotherapeutic and pharmacological 

approaches may not completely eliminate tics. On average, a recent meta-analysis found a 

median reduction of 53% on the YGTSS by conventional strategies 20. Still, a significant 

number of patients do not experience an adequate symptom reduction. In case these 

symptoms lead to a massive impairment of quality of life, more invasive augmentation 

strategies such as DBS should be considered (see also Section 3.4). 

3.3  Obsessive Compulsive Disorder 

3.3.1. Diagnostic criteria and pathophysiology 
The obsessive compulsive disorder (OCD) is characterized by recurrent unwanted obsessions, 

which are defined as urges, thoughts or images that are usually experienced as uncomfortable, 

and repetitive behaviour or mental acts, called compulsions 21. The latter either occur as an 

attempt to neutralize an obsession or to follow certain rules 21. The content of obsessions and 

compulsions varies among patients. It frequently includes matters of contamination and 

purification, persistent doubt, fear of causing harm, thoughts of prohibited or off-limit content, 

symmetry, religious scrupulosity and superstition. Symptoms are often accompanied by 

avoidance behaviours. According to the diagnostic criteria of DSM-5, symptoms are time-

consuming through taking more than one hour per day or cause distress and impairment in 

important areas of functioning 21. Furthermore, obsessions and compulsions cannot be 

affiliated to physiological effects of substances or another physical or mental disorder. The 

patient characteristically recognizes the absurdity of obsessions and compulsions. 

Nevertheless, the spectrum of insight ranges from patients that are certain that their obsessive-

compulsive contents are true to patients that can define their beliefs as probably not true 22,23. 

The age of onset of OCD has a peak in late childhood or early adolescence and again in early 

adulthood 24. The severity of symptoms tends to increase during the course of disease and 

often occurs waxing and waning. Without treatment, a complete illness remission is achieved 

about 20% of the time. Environmental and genetic factors are hypothesized to have an effect 

on the development of OCD. Traumatic incidences, infectious pathogens and the post-

infectious autoimmune syndrome are associated with a higher risk of developing OCD. Among 

patients with OCD with an onset in childhood, the risk for first grade relatives to develop OCD 

is ten times higher. Comorbid psychiatric disorders are common. Anxiety disorders have a high 

lifetime prevalence of 76%, followed by depressive and bipolar disorders (63%) and tic 

disorders (30%) 22,23. Symptoms are commonly assessed with the semi-structured Yale-Brown 
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Obsessive Compulsive Scale (YBOCS). This clinician-rated, ten-item scale measures the 

severity of illness with separate sub-scores for the severity of obsessions and compulsions 25.  

 

Hypotheses on the pathophysiology of OCD derive from neuropsychological-, neurocircuitry- 

and neurochemical-based evidence. Neuropsychological studies suggest that the observed 

higher cognitive impairments in OCD might be induced by dysfunctions within and between 

frontal patterns and basal ganglia 26-29. Consistently, neuroimaging data documents alterations 

within the orbitofrontal cortex, the anterior cingulate cortex (ACC) and patterns within the basal 

ganglia, particularly the caudate nucleus 30-32. Considering the overall research conclusions, 

scientists agree on the hypothesis that obsessive compulsive symptoms occur as a result of 

hyperactive alterations within the CSTC loops and fronto-striatal connections 32. On a 

biochemical basis, abnormalities in the serotoninergic, dopaminergic and glutamatergic 

system have been described in patients with OCD. However, it is presumed that dysfunctions 

within the serotoninergic neurotransmission contribute most essentially to the pathophysiology 

of OCD. Yet, study results regarding the serotonergic neurotransmission are inconclusive as 

findings varied from increased to similar or decreased binding and availability within regions of 

interest 33-35. 

3.3.2. Treatment 
The use of cognitive behavioural therapy (CBT) and selective serotonin reuptake inhibitors 

(SSRIs), frequently implemented in combination with each other, is the preferred primary 

treatment approach. CBT involves cognitive reappraisal and behavioural intervention. The 

latter typically uses exposure-response prevention. The patients are therefore exposed to 

stimuli provoking obsessions and are then instructed to dissociate themselves from associated 

compulsions and avoidance behaviours. Among patients who are not able to bear the 

exposure, clinicians may favour rather cognitive based modalities in CBT treatment 36.  

 

SSRIs exclusively inhibit the reuptake of serotonin into the neuron so that the amount of 

serotonin in the synaptic clefts increases. This leads to an increased serotoninergic effect on 

the downstream neuron 37. Meta-analyses indicate that the SSRI agents Fluvoxamine, 

Fluoxetine, Paroxetine, Citalopram and Sertraline are all equally effective in the treatment of 

obsessive- compulsive symptoms. Guidelines recommend the use of SSRIs in the maximal 

tolerated dose for at least eight to 12 weeks in patients with OCD. Common side effects among 

SSRIs include gastrointestinal upset (loss of appetite, diarrhea, nausea), agitation, dry mouth, 

insomnia, headache, jitteriness, vivid dreams and sexual dysfunction 38. Tricyclic 
antidepressants, including the most commonly used agent clomipramine, inhibit the reuptake 

of serotonin but also have other modulating effects, such as an interaction with alpha1-

adrenergic, muscarinic and histamine receptors 39,40. Clomipramine remains gold standard for 
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OCD treatment, though SSRIs are preferred by many clinicians because of their better 

tolerability. Common side effects of clomipramine include fatigue, blurred vision, tremor, a dry 

mouth, constipation, hyperhidrosis and an increased risk of arrhythmia as well as seizures at 

doses greater than 200 milligram (mg) daily 23,41. In about 25% of patients with OCD, the 

treatment with an SSRI and/or CBT fails to achieve an adequate symptom reduction 23. 

Following the treatment algorithm suggested by several guidelines, clinicians may then 

consider switching to another SSRI or clomipramine or augment the implemented therapy with 

additional medication 23,42,43. Augmentation with antipsychotics, either typical or atypical, is 

effective in about 30% of treatment-refractory patients with OCD. It has been suggested that 

antipsychotics are more likely to reduce obsessive compulsive symptoms if patients have a 

co-occuring tic disorder 23. Emerging evidence furthermore suggests that ketamine, riluzole, 

N-acetylcysteine, memantine, lamotrigine, celecoxib and ondansetron are effective agents in 

augmentation strategies 23.  

Furthermore, electroconvulsive therapy as well as repetitive transcranial magnetic stimulation 

are investigated in regard to their effectiveness in patients with OCD 23. DBS has been 

accepted as a last resort treatment for patients with OCD that displayed a non-response to 

conventional treatment 44. 

3.4 Deep Brain Stimulation 

3.4.1. History and indication 
Despite the increasing knowledge on the diagnostic factors, pathophysiology and treatment, a 

significant percentage of psychiatric patients does not respond adequately to psychological 

and pharmacological treatment approaches. Such a non-response is generally defined as a 

symptom reduction of less than 25-35% 23,44. In consequence, clinicians are in need for further 

treatment options for patients who are resistant to the conventional strategies. Neurosurgical 

procedures such as the anterior cingulotomy, capsulotomy, subcaudate tractotomy or limbic 

leucotomy were invented in the 20th century for treatment-refractory psychiatric patients. 

Though these techniques have a certain individual response rate in some disorders 23, the 

invasiveness limits its use. DBS is a stereotactic procedure that is considered safe in 

comparison, due to its lesser invasiveness and the increasing amount of data describing the 

efficacy and adverse effects. DBS was initially invented to treat neurologic movement disorders 

but is nowadays also accepted as a last resort treatment for OCD. Furthermore, its efficacy is 

being investigated for a variety of psychiatric disorders including treatment resistant patients 

with TS, addiction, mood disorders, anxiety disorders, anorexia, autism, schizophrenia and 

dementia 1. Across diseases, inclusion criteria to a clinical DBS trial include the presence of a 

chronic and severe psychiatric disease that highly impairs daily functioning. An insufficient 

response to conventional therapies must be recorded in the patient’s treatment history. In 



17 
 

Cologne, patients with OCD were only operated if at least one trial of CBT, two treatment trials 

with an SSRI over at least ten weeks at maximum dosage, one trial with clomipramine over 

ten weeks at maximum dosage and an augmentation approach with antipsychotic medication, 

lithium or buspirone failed to achieve an adequate symptom reduction 45. Patients with TS 

needed to undergo at least two approaches with antidopaminergic neuroleptics in adequate 

dosage for at least three months 46. In several cases additional approaches with 

benzodiazepines and alpha agonists had been ineffective. An estimated 500 psychiatric 

patients have been operated in the world so far 44.  

3.4.2. Implantation and mechanism of action 
Multipolar electrodes are implanted in a specific brain area associated with the 

pathophysiology of the disorder. Detailed information about the surgical procedure itself is 

found in publications of randomised controlled trials such as in Ackermans et al. 2011 47 and 

Baldermann et al. 2021 48. By a pulse generator implanted in the chest thereafter, electric 

impulses are chronically delivered to the patient’s brain. The stimulation settings are optimized 

in the following months, for example it is possible to regulate the pulse width and frequency. 

Typical stimulation parameters are square biphasic waveforms, a frequency of 120 hertz (Hz), 

a pulse width of 60 to 210 microseconds (μs) and amplitudes of two to five volt (V) 49. Yet, the 

exact impact of the impulses on the brain networks is not fully understood and seems to vary 

by indication and stimulation allocation. Initially it has been suggested that electric impulses 

inhibit excessive pathological activity in the stimulated area analogous to the effect of local 

lesions caused by the described neurosurgical procedures. Recently, it has been shown that 

DBS much rather restores brain activity and connectivity not only in the stimulated area but 

also in distant areas with projections to the stimulated area. McIntyre et al. therefore pointed 

out the importance of understanding the effect that DBS has on the axonal transportation of 

information to other cells rather than just the effect on the targeted soma 50. Therefore all 

information that contributes to the understanding of the complex networks is important.  

3.4.3. Neurophysiology of the CSTC loops 
Closely interconnected with an immeasurable amount of functional neuron networks, the 

CSTC loops enable cognition, movement and behaviour. Its nomenclature follows the flow of 

information within a network of structurally spread but functionally connected grey matter 

tissues.  

Whereas the primary motor cortex, the premotor cortex and the prefrontal associative cortex 

are involved in the planning and execution of movement, grey matter apart from the cortex 

called the basal ganglia controls the initiation, the amount, direction, force and speed of 

movement. They are functionally connected to each other, the thalamus and the cortex through 

the basal ganglia main- and side-loops. The main entrance of the basal ganglia with excitatory 
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afferences of the cortex is the striatum, which consists of the NAc, the caudate nucleus and 

the putamen. To a great extent, the nucleus accumbens forms the ventral striatum. In animal 

models, it has been shown that the nucleus accumbens’ outer shell can be considered as a 

part of the extended amygdala, whereas the core in particular is part of the basal ganglia 

associated with motor functions related to reward and reinforcement 51-53.  

The transmitter dopamine plays an important role in the enforcement of movement. It activates 

one part of the striatum and inhibits another part of the striatum. With its mostly inhibitory 

efferences the striatum modulates the pallidum through the indirect and direct pathway: a) it 

inhibits the medial pallidum, which then cannot inhibit the thalamus and therefore enforces 

movement or b) it inhibits the lateral pallidum, which in term cannot inhibit the STN and finally 

leads to an inhibition of movement. The striatum also directly inhibits the substantia nigra. Its 

pars compacta, which aims to give feedback to the striatum, therefore cannot activate the 

movement enforcing part of the striatum and cannot inhibit the movement inhibitory part of the 

striatum. In consequence movement is inhibited. At the same time, its pars reticularis cannot 

inhibit the thalamus and therefore movement is enforced. The STN excites the medial pallidum 

and the substantia nigra pars reticularis and thus inhibits movement. The ventral thalamic 

nuclei excite the motor cortex 51-57. This chain of inhibitory and excitatory modulation forms one 

main- and two different side-loops in order to create feedback to the motor cortex and enable 

precise movement sequences. Figure 1 presents relevant structures involved in these loops. 

 

The excitation and inhibition within the main- and side-loops of the basal ganglia eventually 

lead to either an inhibition or missing inhibition of the ventral thalamic nuclei. The thalamus 

filters and interconnects information. The filtered neuronal impulses are then forwarded to their 

destination within the brain, allowing for the information to reach consciousness 51,58. The group 

of ventral thalamic nuclei receive the above-mentioned afferences from the basal ganglia. 

Other afferences originate from the cerebellum and from the premotor and motor cortex. The 

nuclei integrate the information and then project to the premotor (anterior ventral nuclei), motor 

(lateral ventral nuclei) and sensory cortex (posterior ventral nuclei), thereby aiming to 

coordinate voluntary motor functions and to process and filter sensory information. Beside the 

ventral ‘motor and sensory’ part, the anterior thalamic nuclei are seen as the ‘emotional’ part 

of the thalamus, whereas the medial thalamic nuclei project to the prefrontal cortex 51,58.  
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Figure 2. Structures involved in the Cortico-striato-thalamo-cortical (CSTC) main- and 
sideloops. Excited tissues are highlighted in red, inhibited tissues in blue. a) movement drive 
in the associative cortex (excites)® striatum (inhibits)® medial pallidum and substantia nigra 
pars reticularis (disinhibits)® ventral thalamic nuclei (excite)® motor cortex. b) movement 
drive in associative cortex (excites)® striatum (inhibits)® substantia nigra, pars compacta 
(cannot excite the movement enforcing part, neither inhibit the movement inhibitory part of the 
striatum) c) movement drive in associative cortex (excites)® striatum (inhibits) ® lateral 
pallidum (disinhibits)® subthalamic nucleus (excites)® medial pallidum and substantia nigra 
pars reticularis (inhibit)® ventral thalamic nuclei (inhibit)® motor cortex. AC, associative 
cortex; MC, motor cortex; StrP, pallidum of the striatum; StrCN, caudate nucleus of the 
striatum; LP, lateral pallidum; MP, medial pallidum; SNR, substantia nigra pars reticuaris; SNC, 
substantia nigra pars compacta; STN, subthalamic nucleus; VTN, ventral thalamic nuclei. 
Source: own illustration based on the internet anatomy atlas of the university of cologne 59. 
 

3.4.4. The putative effect of DBS on the CSTC loops 
In OCD, the most common DBS targets include the ventral anterior limb of the internal capsule 

(vALIC), the NAc, the STN and the inferior thalamic peduncle. It is hypothesized that DBS 

induces a down-regulation of excessive neural activation in cortico-striatal and fronto-striatal 

loops, with the connections of the medial part of the prefrontal cortex (mPFC) and the ACC to 

the striatum being of particular interest in this matter 60-62. On a biochemical basis, one study 

found increased serotonin levels in the frontal areas and increased dopamine levels in the 

striatum following DBS of the NAc 63. Figee et al. supposed, that dopamine is secondarily 

increased to compensate for serotonergic deficits in OCD and found that following DBS of the 

NAc or successful treatment with a serotonin reuptake inhibitor (SRI), dopamine levels of their 

patients increased in the striatum 64. 

Just as in patients with OCD, the knowledge of how DBS neurophysiologically effects patients 

with TS is still incomplete. Investigated targets include the centromedian thalamic region, the 

anteromedial or posteroventrolateral medial pallidum and the anterior limb of the internal 

capsule 44. The centromedian thalamic nucleus / parafascicular complex (CM-Pf) and the 
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medial pallidum are most commonly targeted. Research results indicate a modulation of 

dopaminergic transmission by the treatment with DBS of the thalamus 65,66. 

 

3.4.5. The clinical effect of DBS on the CSTC loops 
Analogous to pharmacological response cut-off values, clinical response of patients with OCD 

to DBS is commonly defined as a symptom decrease of at least 30-35% on the YBOCS. Alonso 

et al. estimated in their meta-analysis that the response rate of OCD to DBS is 60%. They 

reported on a mean reduction of 45,1%. The targets neither differed in the percentage of 

responders nor in the mean YBOCS reduction 67. The overall quality of life has been found to 

approach a degree of 90% 44. Clinically, DBS for OCD can have immediate positive effects on 

mood and anxiety. However, obsessive and compulsive symptoms are characteristically 

observed to decrease over weeks and months 68. Other positive effects include improvements 

in depression, addicted behaviour and weight loss. In contrast, other studies reported on a 

temporary elevation of anxiety and panic symptoms as well as a transient state of hypomania, 

especially when the stimulation was switched off again 44. 

 

In patients with TS, the YGTSS is a common scale to assess the response to DBS. Recently, 

an international multicentre registry reported on a mean symptom improvement of 45% on the 

mean YGTSS. The publication included data from 185 patients, stimulated in the four most 

common targets mentioned above 69. The meta-analysis of Baldermann et al. found that in 

81% of patients, symptoms were reduced by at least 25% 66. Clinical DBS trials reported on 

positive effects on anxiety 70. However, adverse events are common and most frequently 

include transient dysarthria, paresthesias and weight gain 69. 
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3.5  Research Question 
CSTC loop dysregulations are assumed to be involved in the pathophysiology of TS and OCD, 

therefore its substrates are targeted by DBS. On the other hand, its substrates are also 

assumed to be involved in the process of SG, which is related to the amount of central inhibitory 

functioning of an individual. Which effect does the overlap of these assumptions have? It is 

hypothesized, that central inhibitory functioning is deficient in patients with TS and OCD. 

Furthermore, it is hypothesized that DBS of the CSTC substrates modulates brain activity and 

connectivity relevant for the central inhibitory functioning 1.  

 

 
Figure 3. Hypotheses. Visualization of the thought process of how the hypotheses were built. 
CSTC loops, cortico-striato-thalamo-cortical loops; TS, tourette syndrome; OCD, obsessive-
compulsive disorder; DBS, deep brain stimulation. Source: own illustration. 
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Abstract 

Recent translational data suggest that deep brain stimulation (DBS) of the cortico-striato-

thalamo-cortical (CSTC) loops improves sensorimotor gating in psychiatric disorders that show 

deficient prepulse inhibition (PPI), a robust operational measure of sensorimotor gating. To our 

knowledge we are the first to investigate this effect in patients with Tourette syndrome (TS). 

We measured PPI of the acoustic startle reflex in patients with TS (N = 10) or Obsessive-

Compulsive Disorder (OCD) (N = 8) treated with DBS of the centromedian and ventro-oral 

internal thalamic nucleus and the anterior limb of internal capsule–nucleus accumbens area 

respectively, and aged- and gender-matched healthy controls (HC). PPI of the DBS groups 

was measured in randomized order in the ON and OFF stimulation condition. Statistical 

analysis revealed no significant difference in PPI (%) of patients with TS between ON (M = 

20.5, SD = 14.9) and OFF (M = 25.2, SD = 29.7) condition. There were significantly reduced 

PPI levels in patients with TS in the ON condition compared to HC (M = 49.2, SD = 10.7), but 

no significant difference in PPI between TS in the OFF condition and HC. Furthermore, we 

found no significant stimulation or group effect for OCD and HC (OCD ON: M = 57.0, SD = 8.3; 

OCD OFF: 67.8, SD = 19.6; HC: M = 63.0, SD = 24.3). Our study has a number of limitations. 
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Sample sizes are small due to the restricted patient collective. The study was not controlled 

for use of psychoactive medication or nicotine. Furthermore, we were not able to assess 

presurgical PPI measurements. In conclusion, we were able to show that PPI is impaired in 

patients with TS. This finding is in line with recent translational work. With respect to the OCD 

cohort we were not able to replicate our previously published data. A disability in sensorimotor 

gating plays a pivotal role in many psychiatric disorders therefore more research should be 

conducted to disentangle the potential and limitations of modulating sensorimotor gating via 

brain stimulation techniques.  

Introduction  

Tourette syndrome (TS) is a neuropsychiatric disorder characterized by multiple motor tics and 

at least one vocal tic (American Psychiatric Association, 2000). Brief, rapid and non-rhythmic 

muscle contractions cause tic movements and – if involving contractions of respiratory, 

laryngeal, oral or nasal muscles – vocal sounds (Berardelli et al., 2003). Obsessive-

Compulsive Disorder (OCD) is characterized by recurrent, intrusive thoughts or images and 

repetitive, ritualistic and time-consuming behaviours (Diagnostic and Statistical Manual of 

Mental Disorders, Fifth Edition). Both disorders share pathophysiological hypotheses of 

dysfunctions within the cortico-striato-thalamo-cortical (CSTC) loops (McIntyre and Hahn, 

2010; Saxena et al., 1998). Highly disabling psychosocial consequences are frequently 

observed in both disorders, including teasing and isolation (Cox et al., 2019; Murray and Lopez, 

1996). Though the course of TS and OCD can be effectively influenced by an adequate 

treatment, a significant number of patients neither profit adequately from pharmacological nor 

from psychological treatment (Ackermans et al., 2013; Denys, 2006). Deep brain stimulation 

(DBS) is a stereotactic procedure that delivers electric impulses to specific brain targets. 

Among psychiatric indications, it has been accepted as a last resort treatment for OCD (Alonso 

et al., 2015) and its efficacy is furthermore investigated in a variety of psychiatric disorders, 

including treatment-refractory cases of TS (Ackermans et al., 2011; Huys et al., 2016; 

Kefalopoulou et al., 2015; Maciunas et al., 2007; Welter et al., 2017). Based on the 

pathophysiological knowledge of the disorders, common DBS targets for OCD and TS are 

located within the CSTC loops (Kohl et al., 2013). However, the exact impact of the chronic 

stimulation on the brain networks is not fully understood.  

Sensorimotor gating is the suppression of irrelevant information to ensure the ability to focus 

on relevant stimuli (Swerdlow, 1992). It can be measured using prepulse inhibition (PPI) of the 

brainstem-mediated startle-reflex. The startle-reflex is assessed by recording the reflexive 

contraction of skeletal or facial muscles in response to a confrontation with an unexpected and 

intense stimulus. It is hypothesized that if this stimulus (pulse) is preceded by a weaker 
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stimulus (prepulse) within an interval of 30–500 ms, an inhibition of pulse processing results in 

an attenuation of muscle contraction. Forebrain substrates of the CSTC loops, including the 

medial prefrontal cortex, orbitofrontal cortex, basolateral amygdala and nucleus accumbens 

regulate the inhibitory tone of PPI (Miller et al., 2010; Saint Marie et al., 2010; Swerdlow et al., 

1992; Wan and Swerdlow, 1997).  

Tics as well as obsessive-compulsive symptoms are hypothesized to represent deficits in 

central inhibitory functioning and early filter processing (Swerdlow, 2012; Morein-Zamir, 2010). 

Thus, deficient PPI shares overlapping psychophysiological as well as neural substrates with 

OCD and TS. Or as Swerdlow puts it in his review on PPI and TS “it is conceivable that the 

pathological processes responsible for the loss of PPI in TS patients may also be related to, 

and even contribute to, the processes responsible for intrusive sensory phenomena in this 

disorder.” (Swerdlow, 2012). Clinical studies underline this relation, there have been several 

reports on decreased PPI in OCD (Ahmari et al., 2012; de Leeuw et al., 2010; Hoenig et al., 

2005; Swerdlow et al., 1993) as well as TS (Castellanos et al., 1996; Swerdlow et al., 2001) 

(for a review see Kohl et al., 2013 and Swerdlow et al., 2013).  

In a preliminary study from 2015, we showed significantly decreased PPI levels in the 

stimulation OFF-condition in patients with OCD compared to healthy controls (HC) and found 

a significant difference between ON- and OFF-conditions at the prepulse to pulse stimulus-

onset asynchrony (SOA) trials of 200 ms (Kohl et al., 2015). We therefore hypothesize that the 

stimulation of CSTC substrates modulates brain activity and connectivity relevant for the 

modulation of PPI and that this effect will be observable in a new cohort of OCD patients as 

well as in patients with TS. We furthermore hypothesize that PPI is dependent on symptom 

severity.  

Methods  

This study has been approved by the Ethics Committee of the Medical Faculty of the University 

of Cologne and has been carried out in accordance with the latest version of the Declaration 

of Helsinki, amended in October 2013. All patients underwent DBS surgery as part of clinical 

trials. Patients with implanted DBS electrodes were recruited from the interdisciplinary 

outpatient clinic at the University Hospital Cologne. To be included, patients of both disorders 

had to fulfil diagnostic criteria of OCD or TS, respectively, according to DSM-IV. The course of 

disease had to be chronic and severe, indicated by a score of 25 or higher on Y-BOCS and a 

course of disease of over 5 years for patients with OCD, corresponding to highly impaired 

psychosocial functioning and quality of life. Furthermore, patients were considered treatment 

refractory, which for OCD was defined by an insufficient response to at least one course of 
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treatment with cognitive behavioural therapy, at least two trials with selective serotonin 

reuptake inhibitors, one trial with clomipramine and an augmentation approach with 

antipsychotic medication, lithium or buspirone. Patients with TS had to show insufficient 

response to at least three antipsychotic agents of known efficacy in tic disorders and to 

clonidine. Patients were between 20 and 64 years old and had no other severe medical, 

neurologic, psychiatric or cogni- tive disorders (Huys and Kohl et al., 2019; Huys et al., 2016). 

HC were recruited by posters in public facilities and by direct requests to acquaintances of the 

research team members. HC had to be free of a life- time history of psychiatric and neurologic 

diseases as well as hearing impairments, assessed by a questionnaire on their medical history. 

We exclusively tested HC that matched an assigned patient in age (±2 years) and gender. All 

participants gave their written informed consent after the nature and possible consequences 

of the study were explained to him/her. Ten patients diagnosed with TS and eight patients 

diagnosed with OCD, all according to DSM-IV and ICD-10, and 18 HC participated in the study. 

Patients with TS were stimulated with DBS in the centromedian and ventro-oral internal 

thalamic nucleus. One patient with TS was stimulated in the internal globus pallidus. Patients 

with OCD were stimulated with DBS in the nucleus accumbens/anterior limb of the internal 

capsule (Fig. 1). All patients completed at least six months of active stimulation before their 

first test session. Then they were tested once during stimulation and once when stimulation 

was switched off in a pseudo-randomized order. Stimulation parameters were chosen for best 

clinical results, based on patients’ reports. Use of concomitant psychoactive medication at the 

time of measurement differed between patients. Three patients with TS and seven patients 

with OCD used antidepressants. Two patients with TS and two patients with OCD used 

antipsychotics. Two patients with TS did not use any psychoactive medication. Five patients 

(four with TS, one with OCD) and four HC dropped from further analysis because the 

individuals were found to be non-startlers according to the human startle eye blink 

electromyography (EMG) study guidelines (Blumenthal et al., 2005). One HC dropped from 

further analysis because the individual exhibited a strong startle reflex when he/she was 

exposed to the prepulse only.  

Procedure  

The blink reflex, as a component of the auricular startle reflex, and its PPI were measured 

using EMG of the orbicularis oculi muscle. Surface electrodes were placed lateral to the lateral 

canthi and inferior to the lower lid in the mid-pupillary line of the right eye. EMG was recorded 

by a commercially available startle system (SR-HLab, San Diego In- struments, San Diego, 

CA, USA). The participant was instructed to relax and look out of the window during the test 

session. Stimuli were applied over headphones. The background noise was 70 dB(A) sound 

pressure level (SPL) broadband white noise. Acoustic stimuli consisted of bursts of 20 ms 
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white noise with uncontrolled instant rise time. Startle eliciting stimuli were presented at 110 

dB(A) SPL, and prepulse stimuli were presented at 80 dB(A) SPL. The test session consisted 

of an acclimation period of 5 min, followed by three blocks with a total of 60 trials. The first and 

third block were identical and consisted of five pulse-alone (PA) trials. The second block was 

composed of 50 trials, ten of which were PA trials, ten were prepulse alone (PPA) trials and 

30 were prepulse + pulse (PP) trials. The PP trials consisted of three groups differing in their 

SOA. The paradigm included ten trials each with an SOA of 60 ms (PPI60), 120 ms (PPI120) 

and 200 ms (PPI200). All different trial types in the second block were intermixed and 

presented in a pseudo-randomized order. EMG was measured for 250 ms after every stimulus. 

Yale- Brown Obsessive-Compulsive Scale (Y-BOCS) for OCD and Yale Global Tic Severity 

Scale (YGTSS) for TS were conducted prior to DBS surgery and at 12 months follow up.  

Data acquisition and processing  

EMG data was analysed using a custom written Matlab program (MathWorks, Natick, MA, 

USA) developed in our clinic to visually inspect and analyse PPI data. As previously explained 

in our study of Kohl et al., (2015), we applied a high-pass filter at 28 Hz, a low-pass filter at 

300 Hz using fourth-order Butterworth Filter, a 50 Hz notch filter and a hampel filter with a filter 

window of ten Hz between one and 290 Hz with a threshold of five. Due to short epochs, the 

outlier detector was not applied to the complex spectrum but to the signal amplitude, taking 

into account a potential phase shift. The EMG signal was subsequently rectified and smoothed 

with a moving average at a time constant of ten.  

We visually inspected all data and excluded any trial featuring excessive noise in the EMG 

signal and any trials with an amplitude maximum that was out of the measured timeframe or if 

a spontaneous blink occurred immediately before or after the stimulus onset. Percentages of 

excluded trials were all beneath 50%. Criteria for qualifying the EMG signal as an actual startle 

response were defined in accordance with guidelines for human startle eye blink EMG studies 

(Blumenthal et al., 2005). The latency window was set for 130 ms after pulse onset and 

minimum response amplitude was set at two standard deviations above baseline, which was 

defined by the PPA trials, measured at the end of each trial for 80 ms. The highest amplitude 

in a given time window was identified as the response peak. PPI (%) was calculated using the 

following formula: [(mean PA – mean PP)/mean PA] x 100. PPI values were calculated for the 

three SOA types separately. After- wards the mean of all SOA trials was calculated and used 

for further analyses. The data were inspected by two independent raters.  
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Statistical analysis  

We calculated the mean startle magnitude for both rater data sets by averaging the response 

magnitude of all included trials. Interrater variability was assessed by the calculation of an 

intraclass correlation coefficient (ICC). ICC was >90% for all data, so that we applied the mean 

of the two data sets for further calculations. Owing to small sample sizes, normal distribution 

of outcome variables could not be confirmed, so we applied non-parametric tests. For within-

subject comparisons (ON versus OFF condition) we used the paired Wilcoxon signed-rank 

test. Group differences between patients and matched HC were analysed with the Mann-

Whitney U test. Pearson correlation coefficients of PPI data with symptom score reduction on 

Y-BOCS/YGTSS and duration of stimulation were calculated.  

Previously, our study team published PPI data on 8 patients with OCD in an identical study 

design (Kohl et al., 2015). We pooled this previous data with our present data and repeated 

analyses to check for consistency of our results in this extended data set.  

For this exploratory study, statistical tests were not adjusted for multiple testing. Calculations 

were done using Excel (Microsoft, Red- mond, WA, USA) and SPSS (IBM, Armonk, NY, USA).  

Results  

Six patients diagnosed with TS, seven patients diagnosed with OCD and 13 HC were included 

in the statistical analysis. On average, patients diagnosed with TS (M = 26.3 years, SD = 4.2) 

were younger than patients diagnosed with OCD (M = 48.4, SD = 10.6). The percentage of 

females was lower in patients diagnosed with TS (1 female/5 male) than in patients diagnosed 

with OCD (4 female/3 male). Patient groups did not differ significantly from their HC groups 

with respect to mean age and gender distribution. For detailed sociodemographic and clinical 

information please see Table 1.  

Within-subject comparison  

Within the group of patients with TS the Wilcoxon signed-rank test revealed no significant 

difference between PPI values in the ON (M = 20.5, SD = 14.9) and OFF (M = 25.2, SD = 29.7) 

stimulation conditions; Z=− 0.524,p=0.60.  

Likewise, within the group of OCD patients, the Wilcoxon signed-rank test revealed no 

significant difference between PPI values in the ON (M = 57.0 SD = 8.3) and OFF (M = 67.8, 

SD = 19.6) stimulation conditions; Z = − 1.521, p = 0.128.  
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Between-subject comparison  

We performed Mann-Whitney U tests for between-subject analyses, two for the TS and two for 

the OCD subgroups to compare their mean PPI values in ON- and OFF-conditions with HC. 

The test revealed a significant difference between patients with TS in ON-condition (M = 20.5, 

SD = 14.9) compared to HC (M = 49.2, SD = 10.7, U = 1.00, p = 0.006). Results in OFF-

condition (M = 25.2, SD = 29.7, U = 7.00, p = 0.078) compared to HC were not significant (Fig. 

2).  

There was no significant difference in the Mann-Whitney U test for patients with OCD in ON-

condition (U = 14.00, p = 0.180) as well as OFF-condition (U = 23.00, p = 0.848) compared to 

HC (M = 63.0, SD = 24.3).  

In a second step, we pooled our current data with the PPI data of Kohl et al., (2015) (8 patients 

with OCD and 8 age- and gender-matched HC) and repeated the analysis with a total of 15 

patients with OCD and 15 HC. Methodological procedure was the same in both studies. There 

was a significant difference in the Mann-Whitney U test between patients with OCD in ON-

condition (M = 56.5, SD = 13.0) compared to HC (M = 67.4, SD = 18.9, U = 59.00, p = 0.026). 

Results in OFF-condition (M = 56.9, SD = 18.9, U = 75.00, p = 0.126) compared to HC were 

not significant (Fig. 3).  

We tested our PPI data for correlation with symptom severity scores, measured by YGTSS or 

Y-BOCS. There was a very weak negative and non-significant correlation of PPI and symptom 

severity score reduction from baseline to 12 months follow up in our TS cohort measured by 

YGTSS (M = 66.7, SD = 32.0) in the ON-condition (r = − 0.11; p = 0.833) and OFF condition (r 

= − 0.03; p = 0.95). In our OCD cohort, there was a positive, but non-significant correlation of 

PPI and symptom severity score reduction from baseline to 12 months follow up measured by 

Y-BOCS (M = 27.1, SD = 14.3) in the ON-condition (r = 0.54; p = 0.212) and OFF-condition (r 

= 0.09; p = 0.855). When the OCD cohort of Kohl et al., (2015) was included in the analysis, 

there was a significant positive correlation (M = 22.3, SD = 30.4, r = 0.72; p = 0.003) between 

PPI in ON-condition and the Y-BOCS score reduction after 12 months of stimulation (OFF-

condition r = 0.15; p = 0.602). Thus, higher symptom score reduction on treatment with DBS 

was associated with higher levels of PPI.  

Furthermore, we tested our PPI data for correlation with duration of stimulation, measured by 

the time since surgery in months. There was a negative and non-significant correlation of PPI 

and duration of stimu- lation in our OCD cohort (time since surgery M = 53.0 months, SD = 

24.3, ON-condition r = − 0.64; p = 0.119, OFF-condition r = − 0.73; p = 0.065), but no relevant 
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correlation for TS (time since surgery M = 36.7 months, SD = 16.0, ON-condition r = − 0.15; p 

= 0.780, OFF-condition r = − 0.08, p = 0.884) as well as the extended OCD cohort with data of 

Kohl et al., (2015) (time since surgery M = 81.0 months, SD = 70.2, ON-condition r = − 0.15; p 

= 0.957, OFF-condition r = − 0.27; p = 0.329).  

Discussion  

We were not able to find differences in PPI between ON- and OFF- conditions of DBS, neither 

in TS nor in OCD. We found markedly lower PPI levels in patients with TS compared to HC, 

the difference being significant for the ON condition only. PPI levels in OFF condition were 

comparably low to the ON condition, however they did not reach significance when compared 

to HC due to higher standard deviation. This is congruent with our hypothesis of deficient 

central inhibitory functioning in patients with TS and prior studies investigating PPI in non-DBS 

TS samples (Castellanos et al., 1996; Swerdlow et al., 2001). Failure to detect significant 

differences may be due to the small sample sizes and consequent lack of statistical power. We 

used Wilcoxon tests because the small sample size does not allow reliable assessment of the 

normality of the distribution. However, we additionally conducted paired t-tests as they have 

more power. These results were also not significant. Larger patient samples might be able to 

detect an effect of stimulation. Possible causes of different PPI levels of HC and boys with TS 

have been investigated by Buse and colleagues, who showed with functional magnetic 

resonance imaging that significantly reduced PPI of TS patients correlated with reduced blood 

oxygen level-dependent (BOLD) activity in the middle frontal gyrus, postcentral gyrus, superior 

parietal cortex, cingulate gyrus, and caudate body. The authors draw the conclusion that 

reduced recruitment of brain regions responsible for higher-order integration of somatosensory 

stimuli are responsible for lower PPI levels in young patients with TS (Buse et al., 2016). 

Similarly, Zebardast et al. found lower BOLD activity during PPI in the medial temporal gyrus, 

the orbitofrontal cortex, the posterior cingulate cortex and the lateral frontal cortex in adults 

with TS compared to healthy controls (Zebardast et al., 2013). Taken together, we hypothesize 

that deficient sensorimotor gating in TS is caused by cortical malfunctioning, while the roles of 

the thalamic nuclei in psychiatric PPI deficits remain inconclusive.  

Against our hypothesis we did not find a difference between HC and OCD patients in our new 

cohort, irrespectively of the stimulation condition. This finding contradicts the majority of prior 

PPI research data of patients with OCD. Hoenig et al. Steinman et al. and Ahmari et al. found 

significantly reduced levels of PPI in patients with OCD (Ahmari et al., 2016; Hoenig et al., 

2005; Steinman et al., 2016). Neuroimaging data reveals a range of alterations in patients with 

OCD with particular relevance to the orbitofrontal cortex and the caudate nucleus of the 

striatum (Whiteside et al., 2004). Specifically, abnormally high activities in these substrates 
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have been implicated. However, the observed normal levels of PPI when the stimulation was 

switched off in our study rather indicate that PPI may not be deficient in patients with OCD who 

were chronically treated with DBS.  

We applied the same methods as in our previous study, where we found a significant difference 

between HC and OCD patients with the stimulation switched off, as well as a significant effect 

of stimulation in one condition (Kohl et al., 2015). But of course some differences in the study 

sample need to be addressed. First, patients of the new cohort received DBS treatment on 

average for one year before the test sessions took place (M = 53 weeks, SD = 24.34) whereas 

in the old cohort patients received chronic stimulation for approximately two years (M = 105.5 

weeks, SD = 88.8). Whether time since surgery plays a pivotal role and effects of DBS on PPI 

evolve over a long period of time (two years) is very hypothetical. In our analysis time since 

surgery was negatively correlated with PPI values, in both stimulation conditions. Second, our 

cohort of patients with OCD was slightly older than patients from the cohort of Kohl et al., 

(2015), on average 7.6 years. Though this difference is rather small, an influence on our 

divergent results cannot be ruled out. The subject’s age has been discussed to influence PPI 

of the acoustic startle. Whereas some studies indicate a maturation of PPI in childhood and a 

decline of PPI with age (Gebhardt et al., 2012), Ellwanger et al. found that PPI of healthy 

subjects was rather U-shaped with highest levels in the middle age of on average 41.6 years, 

compared to declined levels at a young age of on average 29.0 years and an old age of on 

average 73.2 years (Ellwanger et al., 2003). However, the exact age of the ‘PPI peak’ cannot 

be estimated from their analysis. Notably, an increase of PPI to middle age may explain the 

fact that the HC group of our patients with OCD displayed higher PPI levels than the HC group 

of our patients with TS as the latter were on average 18.5 years younger. Furthermore, there 

were less smokers in the current cohort (N = two, 29% of patients) than in the cohort of Kohl 

et al., (2015) (N = four, 50% of patients). Nicotine has been demonstrated to increase PPI of 

the acoustic startle in HC (Della Casa et al., 1998; Drobes et al., 2013; Duncan et al., 2001; 

Kumari et al., 1996). This effect has furthermore been demonstrated in patients with psychiatric 

disorders including schizophrenia and posttraumatic stress disorder (Kumari et al., 2001; 

Vrana et al., 2013; Woznica et al., 2009). However, adding the smoking status as a covariate 

in our analysis showed no significant effect on PPI levels. The two OCD cohorts did not differ 

in terms of gender, illness duration before surgery, targeted brain area and PPI parameters. 

Furthermore, in our new OCD cohort, we were not able to find differences in PPI between ON- 

and OFF-conditions of DBS in OCD, but we found a positive, but non-significant correlation of 

PPI and symptom severity score reduction from baseline to 12 months follow up measured by 

Y-BOCS in the ON-condition. And when the OCD cohort of Kohl et al., (2015) was included in 

the analysis, this positive correlation became significant. Apparently, patients that had greater 
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improvement of their symptoms also showed a higher PPI score, noteworthy only in the ON-

condition. Here again we are missing presurgical PPI data in order to interpret our finding.  

To our knowledge we are the first to investigate DBS effects on PPI in humans. Therefore, we 

need to discuss our results in the context of translational work that has been published. 

Frequently used rodent models for deficient sensorimotor gating are PPI deficits induced by 

systemic injection of dopamine receptor agonists or rats selectively bred for high and low levels 

of PPI. Both have been used in combination with DBS in rats and many studies found 

significant effects in terms of elevation of PPI by DBS of several brain areas (Posch et al., 

2012; Lindemann et al., 2012; Angelov et al., 2014; for an overview see Schwabe and Krauss, 

2018). Angelov and colleagues investigated the effect of DBS in Wistar rats selectively bred 

for low or high PPI levels. Stimulation of the centromedian-parafascicular nucleus of the 

thalamus significantly enhanced PPI of those animals that were bred for low PPI levels, 

whereas the stimulation had no effect in high-PPI rats and stimulation of the nucleus 

accumbens only led to a marginal and non-significant increase of PPI in low and high PPI rats 

(Angelov et al., 2014). Furthermore, DBS also reduced the neuronal activity of the dorsomedial 

striatum and the nucleus accumbens, as well as its coherence with the sensorimotor cortex 

(Elle et al., 2020). Taken together with our present data in patients with OCD and TS these 

translational observations challenge the pivotal role of the nucleus accumbens in the neuronal 

circuitry as entry point to modulate PPI. It certainly plays a role in the healthy pathway 

regulating PPI, as shown by lesion studies (Kodsi and Swerdlow, 1995) and dopaminergic 

stimulation (Caine et al., 1992). Similar to the thalamic nulcei, the role of the nucleus 

accumbens in psychiatric PPI deficits remains inconclusive too. Noteworthy, Angelov et al. 

also found that electrode implantation in the entopeduncular nucleus (EPN; equivalent to the 

human GPi) already enhanced PPI compared to the measures before surgery and activating 

the stimulation had no additional effect, indicating that electrode implantation already induced 

a microlesion effect in the rather small rat EPN (Angelov et al., 2014). Unfortunately, we do not 

have presurgical and postsurgical data (before active stimulation) to examine the microlesion 

effect in our sample.  

Our negative findings can be interpreted in three different ways. First, due to the very small 

number of participants we may lack statistical power to find an existing effect of stimulation on 

sensorimotor gating (type II error). In this case replication of the present study with a larger 

sample size would bring clarification. Second, there simply might be no effect of DBS on 

sensorimotor gating. In order to address this hypothesis, a combination of PPI measures with 

other techniques such as electroencephalography or microelectrode recordings, that could 

allow the identification of the electrophysiological signatures of different brain sites and 

recording of neuronal oscillatory activity while PPI could be helpful. Third, DBS might alter 
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sensorimotor gating but due to long lasting, neuroplastic changes in the brain this effect is not 

reversed by simply switching of the stimulation device for a day or two. In order to test this 

possibility, presurgical data would be informative. Unfortunately, we lack this information; 

future studies should consider these points in order to yield more conclusive data.  

Our findings have a number of limitations. Medication did not remain stable during the test 

sessions although especially dopaminergic and antidopaminergic medication influence PPI in 

healthy subjects and patients with schizophrenia (Csomor et al., 2008; Quednow et al., 2006; 

Schellekens et al., 2010; Swerdlow, 2013; Swerdlow et al., 2009; Wynn et al., 2007). In 

particular, dopamine antagonists were used by 4 of our patients with TS and OCD. 

Furthermore, 10 out of 13 patients that were included in the initial analysis were using 

antidepressants. Research findings on the influence of serotoninergic medication on prepulse 

inhibition are inconclusive (Hammer et al., 2007; Jensen et al., 2007; Phillips et al., 2000; Abel 

et al., 2007) however an influence on our study results cannot be ruled out. The female 

hormonal status was not taken into account during our study. Due to the strict operation criteria 

for DBS, we were only able to measure a small cohort of patients. Exact allocation of electrodes 

and stimulation parameters varied as they were individually chosen based on best clinical 

results with particular relevance of one patient with TS being stimulated in the internal pallidal 

globe. However, this patient did not differ in clinical characteristics from the other patients nor 

were its PPI values classified as outliers. Furthermore, we were not able to include presurgery 

PPI measurements to our analysis. This limits the opportunity to examine the effect of chronic 

stimulation on PPI.  

We suggest that results need to be validated through larger sample size in the future, 

particularly to provide clarity on the mixed results of PPI in OCD. Additionally, to fully 

understand the effect of DBS on brain mechanisms it may be useful to combine PPI with other 

recording methods of brain activity such as BOLD-MRI or EEG. Further, presurgical data could 

add to the understanding of the relationship of DBS and sensorimotor gating.  

We conducted the study to contribute to a better understanding of the network effect that DBS 

of the CSTC loops has on sensorimotor gating of patients with TS and OCD. We did not find 

any effects, which might be due to lack of statistical power. Looking for future directions, we 

suggest replicating our study design in a larger patient cohort of TS treated with DBS and 

control for confounding factors such as sex, hormonal status and medication. In addition, non-

invasive brain stimulation in TS and OCD might shed light on cortical modulation of 

sensorimotor gating networks.  
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Paper Fig. 1. Localization of right hemispheric deep brain stimulation electrodes in 
patients with tourette syndrome and patients with obsessive-compulsive disorder in 
sagittal view. Electrode coordinates were determined using postoperative CT or stereotactic 
X-ray. All coordinates were transformed into standardized brain space. The figure was 
generated using the Lead-DBS toolbox (Horn and Kuhn, 2015). In one patient with tourette 
syndrome, postoperative imaging was not available. Electrodes of patients with tourette 
syndrome are shown in yellow, electrodes of patients with obsessive- compulsive disorder are 
shown in blue.  
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Paper Table 1 Sociodemographic and clinical information of the study population. If not 
other specified, the information is given for the time at PPI measurement. TS, tourette 
syndrome, OCD, obsessive-compulsive disorder, ADHD, attention deficit hyperactivity 
disorder, CM/VOI, centromedian and ventro-oral internal thalamic nucleus, GPI, internal 
globus pallidus, Nacc/vALIC, nucleus accumbens and anterior limb of the internal capsule. * 
Kohl et al., (2015), ** Y-BOCS/YGTSS, *** after 12 months of stimulation, ° patients received 
unipolar stimulation,°° duration in off-condition was 24–72 h. 
 

 

 

Paper Fig. 2. Prepulse inhibition in percent in patients with tourette syndrome and 
controls. Prepulse inhibition was calculated for tourette patient’s OFF-session (N = 6), ON-
session (N = 6) and healthy controls (N = 6). *Significant difference between groups according 
to Mann-Whitney U test (p < 0.05). TS, tourette syndrome.  
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Paper Fig. 3. Prepulse inhibition in percent in patients with obsessive-compulsive 
disorder and controls. Prepulse inhibition was calculated for obsessive- compulsive disorder 
patient’s OFF-session (N = 15), ON-session (N = 15) and healthy controls (N = 15). *Significant 
difference between groups according to Mann-Whitney U test (p < 0.05). OCD, obsessive-
compulsive disorder. 
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5. Discussion 
We used a clinical, controlled study design to test for influences of DBS on a mechanism 

essential for the inhibitory control in TS and OCD. What did we learn from our findings? 

5.1 Prepulse Inhibition in Tourette Syndrome 
We found that PPI of the acoustic startle reflex is deficient in patients with TS. Deficient PPI 

has already been reported in children with comorbid TS and ADHD, treated with or without 

pharmacological treatment 2,5,71. Our findings therefore confirm our proposed hypothesis and 

represent further evidence for an impairment of the central inhibitory control in adults with TS. 

Functional imaging studies on the pathophysiology of TS report on altered neural activity and 

interregional causality in a range of grey matter patterns, including the motor pathway 72. More 

specifically, altered structural connectivity of the striatum and thalamus with the supplementary 

motor area, sensory and primary motor cortices, parietal cortex and paracentral lobule have 

been implicated 73. On transmitter basis, a dopaminergic tonic-phasic dysfunction in the basal 

ganglia with particular relevance of the striatum has been proposed in several human- and 

animal studies. It has been shown that the phasic dopamine release within the basal ganglia 

of patients with TS is elevated by 21-50% in comparison to HCs 1,11,74-76. Cortical malfunctioning 

has also been shown in PPI studies of patients with TS. Zebardast et al. reported on lower 

blood oxygen level-dependent activity during PPI in the medial temporal gyrus, the orbitofrontal 

cortex, the posterior cingulate cortex and the lateral frontal cortex in patients with TS77. 

Congruently, Buse et al. showed correlates between reduced blood oxygen level-dependent 

activity in the cingulate, postcentral and middle frontal gyri as well as the caudate nucleus and 

the superior parietal cortex and reduced PPI of patients with TS 1,78. While the role of the 

thalamic nuclei remains inconclusive, one might suggest that deficient PPI in patient with TS 

is caused by (dopaminergic) malfunctioning of the cortex and the striatum 1.  

5.2 Prepulse Inhibition in Obsessive Compulsive Disorder 
In our study cohort, we did not find evidence for deficient PPI in patients with OCD. Though 

two studies are in line with our recent findings 79,80, the majority of clinical PPI studies found 

significant deficiencies of PPI in medicated and unmedicated patients with OCD 81-84. 

Neuroimaging studies show abnormally high activity in the orbitofrontal cortex (OFC) and the 

striatum in patients with OCD 30-32,85. The NAc core is therefore discussed to mediate 

abnormalities of PPI in OCD 81. However, we were not able to confirm our proposed hypothesis 

and the overall research opinion of an impaired central inhibitory control in adults with OCD, 

which could be caused by the rather small patient cohort.  
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5.3 Effect of Deep Brain Stimulation on Prepulse Inhibition 
DBS of the thalamic nuclei had no major effect on the amount of PPI in patients with TS. To 

our knowledge, we are the first centre to conduct a clinical study on this matter. Keeping in 

mind our rather small cohort, our results hint to no influence of the thalamus on PPI 1. This is 

congruent to the fact that in the literature to date, there is no evidence of a modulating effect 

of the thalamus itself on PPI circuits. However, a functional magnetic resonance imaging (fMRI) 

study indicated that in patients with TS, stimulation in the thalamus increased blood oxygen 

level-dependent signals in the NAc 86. Furthermore, Angelov et al. showed that in rats that 

were selectively bred for reduced PPI, DBS of the thalamus improved PPI levels 87. It is 

assumed that DBS modulates whole networks of neurons rather than the specific target. 

Furthermore, it has been hypothesized that over time, DBS induces long-term changes of 

neuroplasticity 88. We therefore need to consider the possibility that data of our patients with 

TS did not differ more significantly between off-sessions and on-sessions because of altered 

(corrected) neuroplasticity as a treatment effect. Thinking one step further, this could mean 

that DBS altered PPI in on- and off-sessions likewise. A conclusion concerning this matter 

requires an analysis of pre-operation measurements of our patients. However, the study of PPI 

in children with comorbid ADHD and TS of Castellanos et al. revealed PPI levels comparable 

to the levels of our patients with TS treated with DBS in off-sessions of about 20% 71. Overall, 

we think that an effect of DBS on PPI cannot be ruled out by our data with small sample sizes.  
 

DBS of the NAc had no effect on PPI in patients with OCD. Some translational animal models 

are in line with this finding, such as Angelov et al. who found no significant increase of PPI by 

DBS of the nucleus accumbens in animal models 1,87. So far, one study concerning this matter 

in humans has been published by our study department in the article Kohl et al 89. In this study, 

we assessed the amount of PPI in patients with OCD and DBS treatment, patients with OCD 

and pharmacological treatment and HC. PPI was significantly lower in patients with DBS 

treatment when the stimulation was switched off than in HC. When the stimulation was 

switched on, the amount of PPI of patients with OCD did not differ significantly from HC. Kohl 

concluded that PPI was modified by the stimulation 89. The NAc is hypothesized to have a 

direct inhibitory effect on PPI. By successfully modulating obsessive-compulsive symptoms, a 

positive effect of Nac-DBS on deficient PPI appears reasonable. Our study design 1 has striking 

analogies with our former study of Kohl et al. However, there were differences in the study 

samples. First, the time since surgery differed as the cohort of the present study received DBS 

for approximately one year before being included in the study, whereas the cohort of Kohl et 

al. was stimulated for on average two years 89. However, our analysis found no effect of time 

since surgery on the study results. Other differences in the two studies include the mean age 

of patients and the smoking status, which will both be addressed in the following limitations.  
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5.4 Limitations 

5.4.1. Effect of nicotine on Prepulse Inhibition 
Nicotine binds to central nicotinic cholinergic receptors and thereby releases various 

neurotransmitters including dopamine. Increased dopamine levels in the striatum and frontal 

cortex match with neuroimaging findings of acutely increased activity throughout the CSTC 

loops following nicotine administration 90. An enhancing effect of nicotine on the amount of PPI 

of the acoustic startle has been demonstrated in healthy subjects 91-94 as well as in patients 

with psychiatric disorders, such as schizophrenia 95-97. The percentage of smokers differed 

among the analysed cohorts in our study. Two patients with TS smoked whereas only one HC 

smoked. Two patients with OCD smoked whereas three HC smoked. However, our analyses 

indicated that our data was not biased by the smoking condition of our patients and HC. Still, 

one should consider that the dopamine releasing effect of nicotine in HC may not be easily 

translated to patients with TS and OCD: as stated earlier, TS is associated with an increased 

dopamine release. Furthermore, abnormalities of the dopaminergic system have been 

described in patients with OCD. Little is known about the modulating effects of the 

dopaminergic system in patients with TS and OCD following nicotine administration. However, 

a small amount of studies and case reports published around the turn of the century have 

reported on favourable effects of nicotine on tic severity in patients with TS 98-100 and two 

publications described favourable effects on YBOCS scores in four patients with OCD 101,102. 

Though the exact effect of nicotine on the dopaminergic system in our patient cohorts and on 

their PPI levels remain uncertain, we cannot exclude the possibility of nicotine to bias the 

observed data 1.  

 

5.4.2. Effect of age on Prepulse Inhibition 
Furthermore, the literature to date suggests that age may influence PPI. It has been proposed 

that PPI matures in childhood and declines with age 103. However, the study of Ellwanger et al. 

found a U-shape of PPI with the peak at the age of 41.6 years and reduced levels of 

participants older and younger 1,104. Still, there is no sufficient knowledge on how and why 

aging may influence PPI. In our study, the TS cohort and its HC group were younger than the 

OCD cohort and its HC group (TS age M = 26,3 years, TS-HC age M = 27,8 years, OCD age 

M = 48,4 years, OCD-HC age M = 46,29 years). We observed that PPI was lower in the 

younger patient- and HC groups than in the older patient- and HC groups. Furthermore, 

patients with OCD of the cohort in Kohl et al. 89 were slightly younger than patients in the 

present OCD cohort, hence exhibiting lower PPI values. Our data therefore may support the 

hypothesis of an increase of PPI from young- to middle-aged patients 1.  
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5.4.3. Effect of gender on Prepulse Inhibition 
In 2016, Steinman et al. conducted a PPI study in a large cohort of patients with OCD (N=45) 

compared to HC. Interestingly, they found PPI to be deficient only in females with OCD 

compared to HC 83. Taking this into account, we conducted another ANCOVA and included 

gender as a covariate. However, results did also not indicate an influence on our results. 

Nevertheless, female ovarian steroid hormones, including progesterone and estradiol, have 

been implicated to impair PPI. In a study of Bannbers et al., cycling healthy women exhibited 

lower levels of PPI than postmenopausal healthy women 105. This may bias our study in two 

different ways as it may either a) be in line with the earlier discussed findings of enhanced PPI 

values in middle-aged humans or b) implicate possible differences in PPI based on the 

measurement in different phases of the hormonal cycles 1.  

 

5.4.4. Effect of medication on Prepulse Inhibition 
Furthermore, an influence of medication on the amount of PPI has to be taken into account. In 

our cohort of patients with TS and OCD, the use of anti-dopaminergic and serotoninergic 

pharmacological agents was common. It has been shown that particularly dopamine influences 

the mechanism of PPI. Congruently, clinical studies report on lowered PPI following 

administration of typical and atypical antipsychotics in patients with schizophrenia and healthy 

subjects 5,106,107. However, Wynn et al. reported on enhanced PPI following the administration 

of the atypical antipsychotic agent olanzapine in patients with schizophrenia 108. In 2007, 

Hammer et al. reported on significantly decreased PPI following administration of the tricyclic 

antidepressant imipramine in healthy subjects 109. However, other clinical studies rather 

indicate no relevant influences of serotoninergic medication on the amount of PPI in healthy 

subjects 110-112. Thus, medication may modulate the amount of PPI. Still, the question remains 

if these agents influence the amount of PPI, though they are insufficient to reduce symptoms 

in our patients, who per definition are all considered treatment refractory to such approaches1.  

5.4.5. Further Limitations 
In addition to the fact that the exact biasing effect of nicotine, age, gender and medication on 

PPI and DBS are unknown, our PPI study has further limitations. DBS remains an 

augmentation strategy for treatment resistant psychiatric patients, which is why the analysed 

patient cohorts are small. Also, stimulation parameters were chosen based on best clinical 

results so that they vary among the cohorts. With most of the seen effects not reaching 

statistical significance, science is in need for larger cohorts to shed further light on the effect 

of thalamus- and NAc-DBS on PPI. Finally, patients were tested after 6 or 12 months of active 

stimulation rather than at a consistent follow-up point. Therefore, the possibility of further 

effects between these two follow-up points cannot be ruled out 1.  
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