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SUMMARY 
Background: Obsessive-compulsive disorder (OCD) is a common mental disorder 

that may seriously affect quality of life and even the ability to work. Despite advanced 

medical care there are still patients who do not respond or do not respond sufficiently 

to treatment. Recently proposed treatment strategies such as deep brain stimulation or 

repetitive transcranial magnetic stimulation have targeted several levels of fronto-

striatal circuits which dysfunction underlies OCD pathophysiology. Likewise, 

neurofeedback (NFB) could target dysfunctional fronto-striatal networks by providing 

almost real-time feedback about their activity. As the success of these methods 

critically depends on good knowledge of dysfunctional loops in OCD, a more detailed 

investigation of neurobiological basis of this disorder is highly needed. 

Aims: The aim of the first part of this dissertation was to provide an overview of the 

current literature related to OCD and NFB. The second section of the thesis is based 

on five original studies of the author that were conceived to 1) explore anatomical 

correlate of OCD in our patients, 2) to verify its functional relevance and specificity in 

electroencephalographic (EEG) studies, and 3) to test the utility of the findings in 

NFB treatment of OCD.  

Methods: In our studies we included patients with clinical diagnosis of OCD, panic or 

generalized anxiety disorder, and healthy controls matched for age, sex, eventually 

education. We acquired demographic, clinical, anatomical, and EEG data. Anatomical 

and EEG data were analyzed on a voxel-wise level using voxel-based morphometry 

and standardized low-resolution electromagnetic tomography (sLORETA). In 

addition, EEG data were analyzed by means of normative independent component 

analysis. Across studies, we performed correlations with clinical variables, especially 

with symptom severity and treatment response. The effect of NFB was tested in a 

double-blind sham feedback controlled study where we compared also pre- to post- 

treatment EEG and clinical symptom severity. 

Results: We found that: 1. OCD patients had reduced grey matter volume in the 

medial frontal cortex as well as in the right temporo-parieto-occipital, right precentral, 

left middle temporal region, in the left cerebellum, and in bilateral pons. 2. OCD 

patients had increased low-frequency (2 – 6 Hz) EEG activity in the medial frontal 

cortex. 3. OCD patients showed increased low-frequency (3 – 6 Hz) activity in one of 

the seven independent EEG components previously described in normal resting brain. 

4. The elevated low-frequency activity was not present in patients with panic or 

generalized anxiety disorder. 5. The severity of obsessive-compulsive symptoms was 

positively related to the left orbitofrontal grey matter volume and negatively related to 

grey matter volume in supramarginal gyri. 6. Better treatment outcome was negatively 

related to pre-treatment low-frequency (2 – 6 Hz) activity in the medial frontal cortex, 

beta (18.5 – 21 Hz) activity in the medial frontal, left lateral orbitofrontal, and 

dorsolateral prefrontal cortex, and low alpha (8.5 – 10 Hz) activity especially in the 
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left fusiform and parahippocampal gyrus. On the other hand, a better treatment 

outcome was positively related to the amount of pre-treatment high beta activity (21.5 

– 32 Hz) in the independent EEG component differentiating between OCD patients 

and healthy subjects as well as in the subgenual and dorsal anterior and posterior 

cingulate extending up to the lateral surface of the frontal and parietal cortices. 6. 

Although there were no significant pre- to post-training differences, the trained 

component power fell below the 95th percentile of the normative database after NFB 

training. NFB group showed higher percentage improvement of the compulsion score 

compared to patients receiving sham feedback.  

Conclusion: Our findings are in favour of the current opinion that the traditional 

orbitofronto-striatal loop is not sufficient to explain OCD pathogenesis and that 

abnormalities in this disorder include more widely distributed brain regions. Central 

role of the anterior cingulate across our studies as well as increased amount of low-

frequency activity in OCD offer a new view of OCD as a salience network-related 

disorder. Given the negative relationship between the amount of the low-frequency 

activity in the medial frontal cortex and future treatment response, we suggested that 

by NFB we targeted a network related to treatment resistance rather than a correlate of 

symptom severity, possibly explaining why the immediate clinical effect was low. 

 

 

SOUHRN 
Úvod: Obsedantně-kompulzivní porucha (OCD) je časté psychické onemocnění, které 

může vážně narušit kvalitu života a dokonce pracovní schopnost. Navzdory moderní 

lékařské péči jsou stále pacienti, kteří na léčbu neodpovídají nebo neodpovídají 

dostatečně. Nejnovější terapeutické postupy jako hluboká mozková stimulace či 

repetitivní transkraniální magnetická stimulace se zaměřily na různé úrovně fronto-

striatálních okruhů, jejichž dysfunkce je podkladem OCD. Podobně také 

neurofeedback (NFB) by mohl zacílit na dysfunkční fronto-striatální okruhy tím, že by 

těměř v reálném čase poskytoval zpětnou vazbu o jejich aktivitě. Vzhledem k tomu, že 

úspěch těchto metod kriticky závisí na dobré znalosti dysfunkčních okruhů u OCD, 

detailnější zkoumání neurobiologické podstaty této poruchy je velmi potřebné. 

Cíle: Cílem první části práce bylo poskytnout přehled současných poznatků týkajících 

se OCD a NFB. Experimentální část práce je založena na souboru pěti vlastních 

originálních prací, jejichž cílem bylo 1) zjistit anatomický korelát OCD u našich 

pacientů, 2) ověřit jeho funkční relevanci a specificitu v elektroencefalografických 

(EEG) studiích, a následně 3) testovat využitelnost našich nálezů v léčbě OCD pomocí 

neurofeedbacku. 

Metodika: Do studií byli zařazeni pacienti s klinickou diagnózou OCD, panická nebo 

generalizovaná úzkostná porucha a zdravé kontroly odpovídajícího věku, pohlaví, 

případně i vzdělání. Získávali jsme demografické a klinické údaje, anatomická data a 



5 

 

EEG data. Anatomická i elektroencefalografická data jsme zpracovali na úrovni 

voxelů pomocí morfometrie založené na voxelech (voxel-based morphomery) a 

standardizované elektromagnetické tomografie s nízkým rozlišením (sLORETA). 

EEG data jsme navíc hodnotili pomocí normativní analýzy nezávislých komponent. 

Napříč studiemi jsme prováděli korelace s klinickými proměnnými, zejména se 

závažností symptomů a odpovědí na léčbu. Efekt neurofeedbacku byl testován 

ve dvojitě slepé studii kontrolované placebo feedbackem, kde jsme srovnávali také 

EEG a klinické symptomy před a po léčbě. 

Výsledky: Zjistili jsme, že: 1. Pacienti s OCD měli menší objem šedé hmoty v 

mediální frontální kůře, jakož i v pravé temporo-parieto-okcipitální oblasti, levém 

středním temporálním gyru, mozečku a Varolově mostu bilaterálně. 2. Pacienti s OCD 

vykazovali zvýšenou aktivitu v oblasti nízkých frekvencí EEG (2 – 6 Hz) v mediální 

frontální kůře. 3. Pacienti s OCD vykazovali zvýšenou nízkofrekvenční EEG aktivitu 

(3 – 6 Hz) v jedné ze sedmi nezávislých komponent EEG, které byly popsány v 

normálním mozku v klidovém stavu. 4. Zvýšené množství nízkofrekvenční EEG 

aktivity nebylo přítomno u pacientů s panickou nebo generalizovanou úzkostnou 

poruchou. 5. Závažnost obsedantně-kompulzivních symptomů souvisela pozitivně s 

objemem šedé hmoty v levé orbitofrontální kůře a negativně s objemem šedé hmoty v 

supramargninálních gyrech. 6. Odpověď na léčbu a EEG před léčbou korelovaly 

negativně v oblasti nízkých frekvencí (2 – 6 Hz) v mediální frontální kůře, v pásmu 

beta (18.5 – 21 Hz) aktivity v mediální frontální, levé laterální orbitofrontální a 

dorsolaterální prefrontální kůře a v pásmu alfa (8.5 – 10 Hz) aktivity zejména v levém 

fusiformním a parahipokampálním gyru. Na druhé straně, lepší odpověď na léčbu byla 

spojena s vyšším množstvím vysoké beta (21.5 – 32 Hz) aktivity před léčbou v 

nezávislé komponentě EEG diferencující mezi pacienty s OCD a zdravými subjekty, 

stejně jako v subgenuálním a dorzálním předním cingulu,  zadním cingulu a laterálním 

povrchu frontálního a parietálního kortexu. 6. Přestože jsme nezjistili signifikantní 

rozdíly před a po tréninku, výkon trénované komponenty po NFB klesl pod 95. 

percentil normativní databáze. Ve skupině trénované pomocí NFB došlo k většímu 

procentuálnímu zlepšení kompulzí než ve skupině trénované pomocí placebo 

feedbacku. 

Závěr: Naše závěry podporují současný názor, že tradičně zmiňovaný orbitofronto-

striatální okruh není dostatečný k vysvětlení patogeneze OCD a že abnormality u této 

poruchy zahrnují širší oblast mozku. Centrální úloha předního cingula napříč našimi 

studiemi, stejně jako zvýšené množství nízkofrekvenční EEG aktivity nabízejí nový 

pohled na OCD jakožto na poruchu sítě zpracovávající významnost podnětů, tzv. 

salience network. Vzhledem k negativní korelaci mezi množstvím nízkofrekvenční 

aktivity v mediální frontální kůře a odpovědí na budoucí terapii, se domníváme, že 

pomocí NFB jsme cílili na neurální síť vztahující se k rezistenci na léčbu, spíše než na 

korelát závažnosti symptomů. To možná vysvětluje, proč okamžitý klinický efekt 

NFB byl nízký. 
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1 INTRODUCTION 
Obsessive-compulsive disorder (OCD) is a relatively common 

neuropsychiatric disorder marked by recurrent intrusive thoughts (obsessions) 

and/or repetitive behaviours (compulsions). Although OCD pathophysiology 

is not fully understood, there is a wide-spread agreement on the key role of 

aberrant functioning or imbalanced interactions in fronto-striatal circuits. In 

OCD, the main role has traditionally been attributed to the orbitofronto-striatal 

loop including the orbitofrontal cortex, ventral striatum, ventral pallidum and 

mediodorsal thalamus (for a review see Menzies et al., 2008). However, recent 

research suggests that the traditional orbitofronto-striatal model is not 

sufficient to explain the basis of OCD and that more widespread brain regions 

are implicated in this disorder. OCD has been associated with a significant 

impairment in functioning and quality of life (Hollander et al., 2010) and 

despite of advanced medical care, roughly one third of patients do not achieve 

an adequate clinical response (Fineberg and Gale, 2005). Promising results in 

the treatment of refractory OCD have been reported after neurosurgery (Bear 

et al., 2010) or deep brain stimulation (Greenberg et al., 2006). Less invasive 

repetitive transcranial magnetic stimulation has been applied with ambiguous 

outcome (Slotema et al., 2010), and non-invasive neurofeedback (NFB) 

approach avaits closer examination. Because the success of all the above 

mentioned methods largely depends on precise determination of parameters 

that should be targeted, it is necessary to better understand OCD-related 

neuroanatomical and functional characteristics.  

Neurofeedback (NFB) is a non-invasive method based on the learning 

principle. The technique consists of recording the brain activity and feeding it 

back to the individual with a little delay in the form of a dynamic sensorial 

object. In the course of time, the individual may acquire a certain awareness or 

even control upon the brain activity generating the measurement (Congedo et 

al., 2004; Kotchoubey et al., 2002). In turn, such control may be used to 

normalize abnormal features of brain activity (e.g. Beauregard and Levesque, 

2006). Since the time of its invention, the scope of the NFB has been greatly 

enlarging together with technological development. Novel multichannel NFB 

methods such as low-resolution electromagnetic tomopraphy neurofeedback – 

LORETA NFB (Congedo et al., 2004) or independent component 

neurofeedback – ICoN (Congedo, 2007) have largely improved spacial 

specificity, the major limitation of the traditional NFB. Over the years of its 

clinical application, neurofeedback proved effective in the treatment of 



7 

 

attention disorders (Arns et al., 2009) and epilepsy (Kotchoubey et al., 2001; 

Sterman and Egner, 2006). NFB in OCD has not been systematically studied 

so far, however based on the neurobiological basis underlying OCD, this 

disorder seems to be a promising target.  

 

2 AIMS AND HYPOTHESES 
The aim of this dissertation was 1) to search for anatomical correlates of 

OCD, 2) to confirm their functional relevance and specificity in EEG source 

localization studies, the most prominent knowledge gap in OCD literature, and 

3) to test the utility of our findings in the treatment of OCD using 

multichannel neurofeedback based on advanced methods of EEG analysis. 

 

3 MATERIALS AND METHODS 
This dissertation is based on five original papers of the author: one 

voxel-based morphometry study (Koprivova et al., 2009a), three EEG source 

localization studies (Koprivova et al., 2009b, Koprivova et al., 2011a, 

Koprivova et al., 2011b), and one neurofeedback study (Koprivova et al., 

submitted). 

 
3.1 Subjects 

Patients included in the studies were diagnosed with OCD, panic or 

generalized anxiety disorder based at least on ICD-10 diagnostic criteria 

(World Health Organisation, 1992). All patients were right-handed. The 

exclusion criteria involved concurrent severe or chronic medical disease, 

substance abuse, mental retardation, organic mental disorder, lifetime history 

of psychosis, mood disorders, severe head injury and neurosurgery. In 

addition, healthy controls were required to have no history of any mental 

disorder. 

 

3.1.1 Medial frontal and dorsal cortical morphometric abnormalities are 

related to obsessive-compulsive disorder (Koprivova et al., 2009a) 

This study enrolled 15 patients diagnosed with OCD and 15 healthy 

controls. One patient had to be excluded due to accidental finding of glioma. 

For details see Table 1. At the time of study, four patients were drug-free, 

eight were using SSRIs (selective serotonine reuptske inhibitors) medication, 

one patient was treated with a combination of SSRIs and mirtazapine and one 
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with venlafaxine. Medication status was stable for at least one month. Clinical 

symptoms were assessed with the Yale-Brown Obsessive Compulsive Scale 

(Y-BOCS, Goodman et al., 1989). 

 

  
OCD 

patients   
Control 
subjects     

 (n = 14)  (n = 15)  Analysis 

Characteristics Mean SD   Mean SD   Test statistics p 

Demographic         

Age (years) 28.6 6.1  28.7 6.5  t = -0.04, d.f. = 27 0.969 

Sex (men:women) 5:9 NA  6:9 NA  χ
2
 = 0.06, d.f. = 2 0.812 

Education (3 levels) 2:10:2 NA  0:6:9 NA  χ
2
 = 7.43, d.f. = 3 0.024 

Clinical         

Y-BOCS score 16.4 7.0  NA NA  NA NA 

obsession subscore 8.1 2.9  NA NA  NA NA 

compulsion subscore 8.2 4.5  NA NA  NA NA 

age of OCD onset (years) 13.9 6.6  NA NA  NA NA 

duration of illness (years) 15.6 8.3  NA NA  NA NA 

Abbreviations: SD - standard deviation, NA - not applicable/not applied, d.f. - degrees 
of freedom 

 
Table 1: Demographic and clinical characteristics of the sample published in 

Koprivova et al., 2009a. 

 
3.1.2 EEG source analysis using standardized electromagnetic tomography 

(sLORETA) in panic disorder (Koprivova et al., 2009b) 

 

  OCD patients (n =14)    Controls (n = 14)   

Characteristics Mean SD   Mean SD   

Demographic       

Age (years) 33.3 10.4  33.3 10.0  

Sex (men:women) 5:9 NA  5:9 NA  

Handedness (right:left) 14:0 NA  14:0 NA  

Abbreviations: SD - standard deviation, NA - not applicable 
Table 2: Demographic and clinical characteristics of the sample published in 

Koprivova et al., 2009b. 
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This study included 14 drug-free patients diagnosed with agoraphobia 

with panic disorder (F40.01, 7 patients) or with panic disorder (F41.0, 7 

patients) and 14 healthy control subjects matched for age, sex and handedness 

(Table 2). 
 

3.1.3 EEG source analysis in obsessive-compulsive disorder (Koprivova et 

al., 2011a) 
 

  OCD controls OCD - DF OCD - SSRIs 
OCD vs. 

cont. 
DF vs. 
cont. 

SSRIs 
vs. 

cont. 
DF vs. 
SSRIs  (N = 50) (N = 50) (N = 20) (N = 30) 

Sample 
characteristics mean SD mean SD mean SD mean SD p p p p 

Demographic                    

age (years) 29.2 5.0 28.4 5.6 28.4 4.7 29.1 5.3 0.319 0.303 0.533 0.781 

sex (men:women) 20:30 NA 23:27 NA 7:13 NA 13:17 NA 0.545 0.401 0.816 0.556 

handedness 
(right:left) 48:2 NA 48:2 NA 19:1 NA 29:1 NA 1.000 0.852 0.879 0.768 

Clinical             

Y-BOCS (n = 38) 19.4 8.0 NA NA 16.4 7.6 21.0 7.9 NA NA NA 0.092 

obsessions 9.8 3.4 NA NA 9.4 3.6 10.0 3.3 NA NA NA 0.576 

compulsions 9.8 5.0 NA NA 7.5 4.4 11.0 5.0 NA NA NA 0.040 

HAMA (n = 35) 12.7 6.0 NA NA 12.7 5.0 12.7 6.5 NA NA NA 0.979 

age of onset 
(years) 16.9 7.2 NA NA 18.1 6.9 16.1 7.4 NA NA NA 0.406 

illness duration 
(years) 12.5 7.9 NA NA 11.2 8.8 13.3 7.4 NA NA NA 0.402 

Abbreviations: Y-BOCS - Yale-Brown Obsessive-Compulsive scale, SD - standard deviation, DF - drug-free,  

SSRIs – selective serotonin reuptake inhibitors, NA - not applied/not applicable 

 

Table 3: Demographic and clinical characteristics of the groups of subjects published 

in Koprivova et al., 2011a.  

 

Our key study enrolled 50 in-patients diagnosed with OCD and 50 

healthy controls matched for age, sex and handedness (Table 3). At the time of 

EEG recording, 20 patients were drug-free and 30 were using SSRIs 

medication. The medication status was stable for at least 4 weeks prior to the 

study. Clinical data in the patient group included age of OCD onset, illness 

duration and symptom severity as assessed using the Y-BOCS and the 

Hamilton Anxiety Rating Scale (HAMA, Hamilton, 1959). 
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3.1.4 EEG source analysis in patients with anxiety disorders and obsessive-

compulsive disorder (Koprivova et al., 2011b) 

In the next research projects we included 17 patients with generalized 

anxiety disorder (F41.1), 17 patients with panic disorder (F40.01 – 

agoraphobia with panic disorder, 10 patients, F41.0 – panic disorder, 7 

patients), 17 patients with obsessive-compulsive disorder (F42) a 53 healthy 

controls (Table 4). Patients with obsessive-compulsive disorder were selected 

from previously published sample (Koprivova et al., 2011a) based on their 

demographic characteristics. Drug-free patients with panic disorder were also 

recruited from previously published sample (Koprivova et al., 2009b).  

 
 

 

GAD  

(N = 17) 

PD  

(N = 17) 

OCD  

(N = 17) 

CONTROLS  

(N = 53) 

Sample characteristics mean SD mean SD mean SD mean SD 

age (years) 32,9 6,05 33,6 7,48 31,9 5,13 29,6 7,61 

sex (men:women) 1:16 NA 1:16 NA 2:15 NA 23:30 NA 

handedness (rigt:left) 17:0 NA 17:0 NA 17:0 NA 53:0 NA 

medication (no:SSRIs) 6:11 NA 6:11 NA 6:11 NA 51:2 NA 

Abbreviations: GAD – generalised anxiety disorder, PD – panic disorder, OCD – obsessive-
compulsive disorder, SD – standard deviation, NA – not applicable, SSRIs – selective 
serotonine reuptake inhibitors 

 

Table 4: Demographic and clinical characteristics of the sample published in 

Koprivova et al., 2011b.  

 

 

3.1.5 Randomized, double-blind, and parallel study of clinical effect of 

independent component neurofeedback in obsessive-compulsive disorder 
(Koprivova et al., submitted) 

The neurofeedback study included 20 in-patients diagnosed with OCD. 

Two patients dropped out for motivation or family reasons after completing 

two and three sessions, respectively. Five patients were drug-free and 15 were 

medicated with SSRIs. The medication was stable four weeks before the study 

and remained unchanged until its end. The demographic and clinical 

characteristics are shown in Table 5. 
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All 

patients 
(pre-tr.) 

NFB 1 (pre-
treatment) 

SFB 1 
(pre-tr.) 

All 
patients 
(post-tr.) 

NFB 1 
vs. 

SFB 1 

NFB 2 
vs. SFB 

2 

NFB 1 
vs. 

NFB 2 

SFB 1 
vs. 

SFB 2 

 (N = 18) (N = 8) (N = 10) (N = 18) significance 

 

Sample characteristics number number number number p p p p 

Medication (none:SSRIs) 5:13 2:6 3:7 5:13 0.814 0.814 NA NA 

Demographic          

sex (men:women) 4:14 1:7 3:7 4:14 0.375 0.375 NA NA 

Education 
(secondary:higher) 9:9 3:5 6:4 9:9 0.343 0.343 NA NA 

 
Median 
(range) 

Median 
(range) 

Median 
(range) 

Median 
(range) 

    

age (years) 
26.5 (19-
42) 24.5 (19-42) 28 (20-38) 

NA 
0.396 NA NA NA 

Clinical symptoms         

Y-BOCS 24 (5-33) 25.5 (5-33) 
21.5 (16-

28) 
12 (2-33) 

0.324 
0.788 0.018 0.028 

     Obsession subscore 12 (3-17) 12.5 (3-17) 10.5 (8-14) 6.5 (2-18) 0.417 0.893 0.036 0.021 

     Compulsion subscore 12 (2-16) 12.5 (2-16) 11 (7-14) 6 (0-15) 0.367 0.440 0.012 0.041 

BAI 20 (4-42) 18 (6-29) 29.5 (4-42) 10.5 (2-44) 0.142 0.350 0.262 0.044 

BDI 19 (0-39) 16.5 (0-39) 23.5 (0-39) 8.5 (0-36) 0.449 0.721 0.128 0.021 

Abbreviations: NFB – neurofeedback, SFB – sham feedback, NFB  1 (NFB 2) – neurofeedback group before 
(after) treatment, SFB 1 (SFB 2) – sham feedback group before (after) treatment, Y-BOCS - Yale-Brown 
Obsessive-Compulsive scale, BAI – Beck Anxiety Inventory, BDI – Beck Depression Inventory, NA - not 
applied/not applicable 

 
Table 5: Demographic and clinical characteristics of the groups of subjects in the 

study by Koprivova et al. (submitted). The Mann-Whitney U-test was used to 
compare NFB and SFB group, the Wilcoxon signed-rank test was applied to explore 
post-treatment changes and the chi-square test was used for categorial variables. 

 
3.2 Designs of the studies 

The following Table 6 summarizes the study design of the five above 

mentioned studies. Moreover, in the NFB study (Koprivova et al., submitted) 

we performed not only pre-to post-treatment comparison but we also 

compared NFB and sham feedback groups before as well as after NFB 

treatment. This study was double blind and controlled by sham feedback that 

was exactly the same as NFB except that the feedback screen was not guided 

by real-time brain activity but by EEG signal previously recorded during NFB 

training of another patient. 
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 patients 

vs. 

healthy 

controls 

patients 

vs. 

clinical 

controls 

correlations 

with 

clinical 

variables 

pre- to post-

treatment 

comparison 

     Koprivova et al., 2009a yes no yes no 

Koprivova et al., 2009b yes no no no 

Koprivova et al., 2011a yes no yes no 

Koprivova et al., 2011b yes yes no no 

Koprivova et al., 

submitted 

no no yes yes 

 

Table 6: Summary of the study designs. 

 

 

3.3 Data acquisition 

3.3.1 Anatomical data 

Anatomical data were acquired on a 3 T Siemens Trio scanner with a 

standard 12-channel head coil using the following protocol: T1-weighted 

3Dmagnetization prepared rapid acquisition gradient echo (MPRAGE) with 

voxel size of 1mm×1mm×1mm, 160 sagittal slices, echo time (TE) of 4.63 ms, 

repetition time (TR) of 2300 ms, flip angle of 10◦, and field of view (FOV) of 

256 mm. 

 
3.3.2 EEG data 

EEG was recorded during eyes-closed resting state on a BrainScope 

differential amplifier (Unimedis Ltd., Czech Republic) against the AFz, FCz 

or Cz reference. The signal was obtained from 19 scalp locations according to 

the international 10–20 system using an ECI electro-cap (Electro-Cap 

International, Inc., Eaton, USA). The data were sampled at a rate of 250 or 

256 Hz and filtered with a 0.15–70 Hz band-pass filter. 

 
3.4 Data analysis 

3.4.1 Voxel-based morphometry 

Structural MRI analysis was performed using an optimized voxel-based 

morphometry protocol in SPM5 (http://www.fil.ion.ucl.ac.uk/spm/software/ 

spm5) implemented in MATLAB 7.3 (Math Works, Natick Massachusetts, 
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USA). Briefly, each 3D volume of T1-weighted images was segmented into 

grey matter (GM), white matter (WM), cerebrospinal fluid (CSF). Spatial 

normalization parameters were estimated by matching GM tissue with the 

standard GM template provided by SPM5. The normalization parameters were 

applied to the original T1-weighted images. Optimally normalized T1-

weighted images were then segmented into GM, WM, and CSF segments, 

modulated by Jacobian determinants and smoothed by a Gaussian kernel of 10 

mm full width at half maximum. Between-group comparisons were performed 

by independent sample t-tests. Regression analysis was used to investigate the 

relationship between GM and WM volume and age of OCD onset, duration of 

illness and Y-BOCS score. 

 
3.4.2 sLORETA 

In our studies we used the Eureka software (NovaTechEEG, Inc., Mesa, 

Arizona, USA) linked to the LORETA-Key software (Key Institute for Brain-

Mind Research, Zurich, Switzerland) and we implemented the sLORETA 

(standardized low-resolution electromagnetic tomography) transformation 

matrix. We obtained sLORETA current density estimates in study-defined 

frequency bands in 2394 cortical voxels of 7x7x7 mm labelled with Talairach 

coordinates (Talairach and Tournoux, 1988). The between-group and within-

group comparisons of log-transformed and smoothed data were performed by 

means of randomization-permutation statistics in MHyT software 

(NovaTechEEG, Inc.). 

 
3.4.3 Normative ICA 

In our study (Koprivova et al., 2011a) we employed the method by 

Congedo et al. (2010) and used the ICoN software 

(http://sites.google.com/site/marcocongedo/software/nica) to estimate Fourier 

cospectral matrices for each subject in the control group and each frequency. 

Group ICA was performed as the approximate joint diagonalization of the 

grand-average Fourier cospectral matrices. We diagonalized cospectra in the 

range of 2–26 Hz and based on the previous study by Congedo et al. (2010) 

we extracted the seven most energetic components. The resulting demixing 

matrix was then used to extract the power of the same components from the 

OCD group as well as to compute the mixing matrix which contains in 

columns scalp spatial pattern associated with each component and thus can 
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serve as an input for sLORETA to estimate their cortical location. For each 

component, absolute, relative and normal power were computed and compared 

to normative data obtained from the control group using the randomization-

permutation approach as in sLORETA.  

 

4 SUMMARY OF THE RESULTS 
4.1 Reduced grey matter volume in OCD 

Our voxel-based morphometry study (Koprivova et al., 2009a) found 

significant grey matter reduction in OCD patients localized in the medial 

frontal cortex as well as in the right temporo-parieto-occipital, right 
precentral, left middle temporal region, in the left cerebellum, and in bilateral 

pons and mesencephalon (p≤0.05, FDR corrected, extent threshold 100 voxels, 

Table 7, Fig. 1). 

 

 
Fig. 1 (Koprivova et al., 2009a): GM volume changes in OCD patients compared to 

controls. Figure displays regions reduced in GM in OCD (p ≤ 0.05, FDR corrected, 

extent threshold 100 voxels). Images are sliced according to the following 

coordinatesxyz in the standard stereotactic space (Talairach and Tournoux, 1988): 1a: 

0, 0, 0; 1b: 7, 54, 4 (a). For the three-dimensional display a study-specific template 

was used (b). 

 

Cluster-level  Voxel-level  Coordinates  Localization 

p(cor) 
No. of 
voxels p(unc)   

p(FWE-
cor) 

p(FDR-
cor) 

t-
value equiv.Z p(unc)   x,y,z {mm}     

0.287 108 0.025  0.003 0.006   7.65  5.44 0.000   32 -72   2  
R Lingual Gyrus 
(BA 19) 

0.009 303 0.001  0.027 0.009   6.61  4.98 0.000  -10  46  32  L Medial and 
Superior Frontal     0.046 0.009   6.35  4.85 0.000  -16  54   6  
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    0.445 0.010   5.11  4.19 0.000  -14  50  22  
Gyrus - medial part 
(BA 9, 10) 

0.000 1486 0.000  0.031 0.009   6.55  4.95 0.000   12  34   4  
Anterior Cingulate 
(BA 24) 

    0.080 0.009   6.07  4.71 0.000    6  24   0   

    0.342 0.010   5.27  4.28 0.000   -4  22   2   

0.001 467 0.000  0.035 0.009   6.49  4.92 0.000   50 -80  30  

R Superior 
Occipital Gyrus (BA 
19) 

    0.048 0.009   6.32  4.84 0.000   50 -64  52  
R Inferior Parietal 
Lobule (BA 40) 

    0.088 0.009   6.02  4.69 0.000   68 -54  16  

R Superior 
Temporal Gyrus 
(BA 22) 

0.000 692 0.000  0.045 0.009   6.35  4.85 0.000  -48 -18 -20  
L Middle Temporal 
Gyrus (BA 21) 

    0.531 0.011   4.98  4.11 0.000  -58 -28 -14   

    0.543 0.011   4.96  4.10 0.000  -40 -40  -8   

0.006 329 0.000  0.123 0.009   5.84  4.60 0.000   16  54   8  R Medial and 
Superior Frontal 
Gyrus - medial part 
(BA 8, 9, 10) 

    0.608 0.011   4.87  4.05 0.000   12  46  34  

    0.957 0.017   4.26  3.66 0.000   14  50  24  

0.104 161 0.008  0.195 0.009   5.59  4.46 0.000   46  -2  22  
R Precentral Gyrus 
(BA 6) 

    0.739 0.013   4.69  3.94 0.000   48 -16  26   

0.000 1488 0.000  0.209 0.009   5.56  4.44 0.000   14 -16 -10  
Pons and 
Mesencephalon 

    0.219 0.009   5.53  4.43 0.000  -12 -14 -10   

    0.246 0.009   5.46  4.39 0.000    8 -22  -6   

0.014 273 0.001  0.361 0.010   5.24  4.26 0.000   42 -26 -14  
R Fusiform Gyrus 
(BA 20) 

    0.667 0.012   4.79  4.00 0.000   48 -20 -20   

    0.987 0.019   4.09  3.54 0.000   42  -6 -24   

0.118 154 0.009  0.410 0.010   5.16  4.22 0.000  -18 -58 -38  L Cerebellum 

    0.525 0.011   4.99  4.12 0.000  -18 -48 -36   

    0.999 0.024   3.81  3.35 0.000  -26 -52 -40   

0.005 342 0.000  0.709 0.012   4.74  3.96 0.000   46   2  -8  

R Superior 
Temporal Gyrus 
(BA 38) 

    0.870 0.014   4.48  3.80 0.000   46  16  -8   

        0.938 0.016   4.32  3.70 0.000    40  12 -18     

Abbreviations: FWE – family-wise error, FDR – false discovery rate, BA – Brodmann area, L – left, R - right, GM - grey matter, 
p – p-value, Z – z-score 

 
Table 7 (Koprivova et al., 2009a): GM volume reduction in OCD patients compared 

to healthy controls. The table shows up to 3 local maxima more than 8.0 mm apart and 
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reports only clusters containing more than 100 voxels (p ≤ 0.05, FDR corrected). 

Voxels significant after FWE correction are in bold. Coordinates refer to standard 

stereotactic space (Talairach and Tournoux, 1988). 

 
4.2 Increased low-frequency EEG activity in OCD 

Our main study (Koprivova et al., 2011a) filling the gap in OCD 

literature comparing EEG sources in OCD patients and healthy control 

subjects confirmed the functional relevance of the medial frontal cortex in 

OCD. Using sLORETA, we found that OCD patients had increased 

normalized absolute power at low frequencies (2 – 6 Hz) in the medial frontal 

cortex as well as increased normalized absolute power at 2 and 3 Hz in the left 

parahippocampal gyrus and uncus (Table 8). The highest t-values were 

localized in the dorsal anterior cingulate (tmax = 4.24, p < 0.05, FWE 

corrected, Fig. 2).  
 

  2 Hz 3 Hz 4 Hz 5 Hz 6 Hz 

Brain structure 
and Brodmann 
area mean t voxels mean t voxels mean t voxels mean t voxels mean t voxels 

Anterior cingulate 
(BA 24, 25, 32, 33) 4.86 45 4.91 49 5.26 55 5.26 58 5.04 55 

Cingulate gyrus (BA 
24, 32) 4.65 21 4.76 27 4.82 38 4.83 31 4.60 17 

Subcallosal gyrus 
(BA 25, 34) 4.70 15 4.65 14 4.77 14 4.78 10 4.62 8 

Medial frontal 
gyrus (BA 9, 10, 11, 
25) 4.58 22 4.55 29 4.71 45 4.79 51 4.62 47 

Rectal gyrus (BA 
11) 4.57 14 4.59 14 4.62 15 4.57 17 4.40 12 

Left 
parahippocampal 
gyrus (BA 28, 34, 
35, 37) 

4.48 16 4.39 9 4.42 5 4.71 1 

n.s. 0 

Inferior frontal 
gyrus (BA 47) 4.42 8 4.40 5 4.38 6 4.34 3 n.s. 0 

Left uncus (BA 28, 
36) 4.40 10 4.33 3 n.s. 0 n.s. 0 n.s. 0 

total   151   150   178   171   139 

Table 8 (Koprivova et al., 2011a): Number and localization of voxels with excessive 

absolute current density in OCD compared with controls (p < 0.05). The structures are 

reported in their mean t-value order. 
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Figure 2 (Koprivova et al., 2011a): Sagittal view (left of the picture is front of the 

head) of absolute current density increase in OCD patients compared with controls at 

2 – 6 Hz. Each figure is sliced to its own t-value maximum (tmax2Hz = 5.36, tmax3Hz = 

5.46, tmax4Hz = 5.87, tmax5Hz = 5.82, tmax6Hz = 5.56). Figures show only the most 

significant voxels (the darker the red colour, the higher the t-value). For all significant 

voxels see Table 8. 

 
In the NICA analysis, only one component differentiated between OCD 

patients and healthy controls (p < 0.05, corrected). The main results were 

significant at low frequencies, similar to the sLORETA findings. The local 

maxima of this component were localized in subgenual anterior cingulate (BA 

25), subcallosal gyrus (BA 34), rectal gyrus (BA 11), insula (BA 13), superior 
temporal and parahippocampal gyrus (BA 38), midcingulate (BA 24) and 

marginally in lateral frontal lobe (BA 6, 8, 9) – Fig. 3, i.e. in regions partially 

overlapping with reduced grey matter in the previous voxel-based 

morphometry study in OCD (Koprivova et al., 2009a).  

 

 
Figure 3 (Koprivova et al., 2011a): Seven independent components separated in the 

control group. The components are sorted according to explained variance and the 

images are sliced to their own maxima. From left to right, the inserts 1 to 7 show the 
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axial (top of the picture is front of the head), sagittal (left of the picture is front of the 

head) and coronal (top of the picture is top of the head) view. The intensity of the red 

colour indicates the intensity of the signal contributing to the component (arbitrary 

unit and scaled to its own maximum for each component). Component 5 is also 

displayed on a three-dimensional cortical template. 

 
The comparison of drug-free and SSRIs medicated patients showed that the 

results could not be attributed to the effect of medication. 

 

4.3 A different EEG pattern in OCD vs. panic and generalized anxiety 

disorders 

The low-frequency excess reported in OCD was not found in patients 

with panic (Koprivova et al., 2009b; Koprivova et al., 2011b) or generalized 

anxiety disorder – GAD (Koprivova et al., 2011b). Moreover, in Koprivova et 
al. (2011b) patients with panic disorder and GAD showed the same pattern of 

difference from healthy controls as well as from OCD patients (Fig. 4). 

 

 
Figure 4 (after Koprivova et al., 2011b): sLORETA comparison of healthy controls (n 

= 17) with (A) OCD patients (n = 17), (B) generalized anxiety patients (n = 17), and 

(C) panic patients (n = 17), (D) sLORETA comparison of patients with OCD and 
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generalized anxiety disorder, and (E) patients with OCD and panic disorder. Red and 

blue colour respectively signify higher and lower power in the comparison group 

mentioned first in this figure legend (i.e. controls vs. patients). The darker the colour, 

the higher the t-value. The results are significant at p < 0.05, corrected) except from 

those in (B) that did not reached significance and are reported for illustration. 

 
4.4 Correlations with clinical variables 

Across several studies, we searched for relationships between 

anatomical or electrophysiological features and clinical variables. Whereas in 

our largest EEG study (Koprivova et al., 2011a) we did not reveal any 

relationship between the increased low frequency activity on one hand and 

symptom severity on the other, in the morphometric study (Koprivova et al., 

2009a) we found a positive relationship between left orbitofrontal grey matter 

volume and severity of obsessive-compulsive symptoms and a negative 

relationship between symptom severity and grey matter volume in 

supramarginal gyri. Moreover, earlier age of OCD onset and longer illness 

duration were associated with smaller left occipital grey matter and right 

parietal white matter and with greater left medial frontal grey matter and left 

frontal white matter (p ≤ 0.001, uncorrected, extent threshold 50 voxels). 

 
4.5 Predictors of treatment response 

As hypothesized in Koprivova et al. (2011a), our later study (Koprivova 

et al., submitted) revealed a positive correlation between the amount of low-

frequency activity (2 – 6 Hz) in the medial frontal cortex (esp. anterior 

cingulate) and the severity of obsessive-compulsive symptoms after treatment 

(r ≥ 0.660, p ˂ 0.05, corrected, Fig. 5), suggesting that the increased amount of 

the low-frequency activity is related to treatment non-responsiveness. 

Moreover, pre-treatment absolute beta activity (18.5 – 21 Hz) in the 

bilateral medial orbitofrontal (more on the left side) cortex and the left 

pregenual anterior cingulate, lateral orbitofrontal, medial frontal and 

dorsolateral prefrontal cortex was positively related to the severity of 

obsessive-compulsive symptoms post-treatment (Fig. 6). On the other hand, a 

positive relationship was found between relative beta3 (21.5 – 32 Hz) before 

treatment and the improvement of the Y-BOCS score post-treatment. 

Furthermore, pre-treatment absolute low alpha (8.5 – 10 Hz) in the left 

fusiform and parahippocampal gyrus before treatment was negatively related 

(r ≤ -0.738, p ˂ 0.01) to the percentage improvement of the Y-BOCS score. 
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Fig. 5 (after Koprivova et al., submitted): Pre-treatment absolute delta power 

correlation with the Yale-Brown Obsessive-Compulsive Rating Scale (Y-BOCS) 

score post-treatment (r ≥ 0.660, p ˂ 0.05) in subjects (n = 15) with pre-treatment low-

frequency excess in the component 1 by Congedo et al. (2010). Voxels correlating at r 

≥ 0.660 are in red – darker colour signifies stronger correlation. The result is corrected 

for multiple comparisons. The image is sliced at its own maximum.  

 

 
Fig. 6 (after Koprivova et al., submitted): Pre-treatment absolute beta2 (18.5 – 21 Hz) 

power correlation with the with the Yale-Brown Obsessive-Compulsive Rating Scale 

(Y-BOCS) score post-treatment (r ≥ 0.695, p ˂ 0.05) in subjects (n = 15) with pre-

treatment low-frequency excess in the component 1 by Congedo et al. (2010). Voxels 

correlating at r ≥ 0.695 are in red – darker colour signifies stronger correlation. The 

result is corrected for multiple comparisons. The image is sliced at its own maximum. 

 

4.6 NFB results 

Individually adjusted neurofeedback training aimed at down-training 

the abnormally high power in the EEG component 1 (Congedo et al., 2010) 

differentiating between OCD patients and healthy controls (Koprivova et al., 

2011a) was associated with greater percentage reduction of the compulsion 

score after treatment (p = 0.015) and with a small and not significant decrease 

of the down-trained power in the NFB group post-treatment. In an additional 

analysis of the patient subgroup showing elevated low-frequency power before 

treatment (n=15), the difference in clinical outcome was no longer significant, 
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however post-treatment reduction of relative low alpha power in posterior 

cingulate was revealed by sLORETA. 

Post-treatment, the relative beta band and a part of the theta band in the 

NFB group fell below the 95. percentile of the normative database. In the SFB 

group, relative theta power values remained above the 95. percentile. The 

results of ANOVA with a within factor pre-post and between factor active-

sham were not significant for the whole group (F = 1.00, p ≤ 0.331) nor for the 

low-frequency subgroup ((F = 1.73, p ≤ 0.212, Fig. 7). 

 

 
Fig. 7 (Koprivova et al., submitted): ANOVA results for the relative power of the 

component 1 (Congedo et al., 2010) in individually defined frequency bands selected 

for the training (F = 1.73, p ≤ 0.212) in subjects (n = 15) with pre-treatment low-

frequency excess in this component. The results of the neurofeedback (NFB) and 

sham feedback (SFB) group are in blue and red, respectively. 

 

 

5 DISCUSSION 
Although the main role in OCD has traditionally been ascribed to the 

orbitofronto-striatal loop, our findings emphasize the importance of the medial 

frontal cortex, especially anterior cingulate, and suggest that its role in OCD 

might have been underestimated.  
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Given 1) the local maxima of increased low-frequency activity in dorsal 

anterior cingulate and 2) the most significant findings at 4 and 5 Hz, we 

discussed our results in the context of performance monitoring and frontal 
midline theta (for details, see Koprivova et al., 2011a). Additionally, our 

findings can be viewed from the perspective of the reward-related system. It 

has been suggested that delta activity is generated within the brain reward 

system and signalizes an increased need for reinforcement (Knyazev, 2011). 

Its excess in OCD could reflect abnormal activity of the reward-related system 

which would be consistent with the urge to perform subjectively rewarding or 

relieving compulsive behaviours.  

It is believed that the reward system does not deal only with rewards but 

that its main function is salience detection (Knyazev, 2007). Interestingly, 

normative ICA revealed that OCD patients showed abnormal activity in the 

group independent component supposed to relate to the salience network 

(Congedo et al., 2010). In normal subjects, this component is characterized by 

a prominent normal theta and low normal alpha activity (Congedo et al., 2010) 

which is consistent with the notion that salience detection is subserved by 

slow EEG frequencies that are negatively related to the amount of alpha 

oscillations (Knyazev, 2007). The increased normal and relative low-

frequency power of this component in OCD suggests the importance of the 

salience detection in this disorder. 

In line with the results by Prichep et al. (1993) we hypothesized that the 

low-frequency excess in OCD may be related to treatment non-

responsiveness. Indeed, we demonstrated that delta oscillations (1 – 6 Hz) in 

the medial frontal cortex were positively related to the Y-BOCS score after 

treatment (Koprivova et al., submitted). Interestingly, we also found that 

similarly localized pre-treatment beta activity (18.5 – 21 Hz) was positively 

related with obsession severity post-treatment. Consistently, increased pre-

treatment beta power in the rostral anterior cingulate and medial frontal gyrus 

has previously been linked to a worse treatment response in OCD (Fontenelle 

et al., 2006). 

Low-frequency oscillations and beta activity are functionally related. 

Knyazev et al. (2011) showed that in aversive situations when no 

reinforcement or negative reinforcement is expected, correlation between delta 

(1 – 4 Hz, similar results were found also for theta) and beta frequencies 

appears or at least significantly increases in EEG, together with the amount of 

delta power. It has been suggested that the delta network drives local beta 
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oscillations in the same regions and coordinates the timing of neuronal 

activities between the areas through delta–beta coupling. In the light of this 

research, the findings of increased low-frequency activity in OCD (Velikova 

et al., 2010; Koprivova et al., 2011a) and reports of beta power excess and its 
localization (Sherlin and Congedo, 2005; Velikova et al., 2010) seem be 

complementary, rather than contradictory. 

An emerging explanatory concept suggests that mental disorders are 

mediated by deficits in access, engagement and disengagement of three core 

large-scale neurocognitive networks (Menon, 2011). The salience network 

serves as an integral hub mediating network switching, engaging the central 

executive network and the disengaging the default-mode network. Thus, its 

alterations are reflected also in the other large-scale brain networks and may 

result in various mental disorders (Menon, 2011). 

Posterior cingulate (PCC) is another important cortical hub. The PCC is 

anatomically and functionally linked to the essential structures of the OCD 

circuit (e.g. anterior cingulate cortex, orbitofrontal cortex, and striatum) and 

thus it is ideally positioned to modulate their activity (Rauch et al., 2002). 

Although this structure has not been emphasized in OCD models, several 

neuroimaging and EEG studies pointed to its role in this disorder (e.g. Rauch 

et al., 2001; Rauch et al., 2002; Sherlin and Congedo, 2005; Maltby et al., 

2005) as well as did also our latest study (Koprivova et al., submitted) 

indicating a predictive value of PCC activity for the treatment outcome 

(consistently with Rauch et al., 2001 and 2002) and a change of PCC activity 

after NFB training.  

Several limitations of our studies should be noted. First, our 

morphometry study was limited by a small sample size, differences in 

education level and use of psychotropic medication. Second, all the EEG 

studies were based on scalp EEG examination limiting the scope of 

exploration almost exclusively to cortical structures. Third, sLORETA source 

localization is susceptible to errors and is less accurate than direct 

measurements from anatomical regions. Fourth, as our EEG research focused 

on power analysis of resting state EEG sources, only their abnormalities could 

have been detected in OCD. However, other EEG measures, such as time or 

phase relationships between EEG signals, task- or symptom provocation-

related EEG, or abnormalities in parameters undetectable by EEG may be 

altered in OCD and remained unrevealed in our research. Our neurofeedback 

study was limited by a small sample size and number of training sessions. 
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Moreover, because the abnormal power spectrum in the first component was 

an inclusion criterion, the results are limited only to this OCD subgroup. 

 

6 SUMMARY AND CONCLUSION 
Our findings are in favour of the current opinion that the traditional 

orbitofronto-striatal loop is not sufficient to explain OCD pathogenesis and 

that abnormalities in this disorder include more widely distributed brain 

regions. Central role of the anterior cingulate across our studies as well as 

increased amount of low-frequency activity in OCD offer a new view of OCD 

as a salience network-related disorder. Given the negative relationship 

between the amount of the low-frequency activity in the medial frontal cortex 

and future treatment response, we suggested that by NFB we targeted a 

network related to treatment resistance rather than a correlate of symptom 

severity, possibly explaining why the immediate clinical effect was low. 
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