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Major depressive disorder (MDD) is defined as a multidimensional syndrome involving 
disruption of mood, cognition, sensorimotor functions, and homeostatic/drive functions 
(including those that control sleep, appetite and libido) over at least 2 weeks but most often a 
much longer period of time [1]. According to the Diagnostic and Statistical Manual of Mental 
Disorders (DSM-IV), MDD can be conceptualized as a cluster of symptoms (Table 1) of which at 
least five must have been present during a 2 week period and cause dysfunction in ordinary 
daily life [2]. At least one of the symptoms is either 1) depressed mood or 2) loss of interest 
or pleasure. Recently the DSM-5 classification has been published, in which neither the core 
criteria symptoms applied to the diagnosis of major depressive episode nor the requisite 
duration of at least 2 weeks has changed relative to the DSM-IV classification [3].  At present, 
MDD is one of the most prevalent and disabling illnesses in psychiatry, and is expected to be 
one of three leading causes of disability by the year 2030 [4].

TABLE 1. DSM-IV CRITERIA

A. At least five of the following symptoms have been present during the same 2-week period and 
represent a change from previous functioning: at least one of the symptoms is either 1) depressed 
mood or 2) loss of interest or pleasure.

• Depressed mood most of the day, nearly every day, as indicated either by subjective report (e.g., feels sad 
or empty) or observation made by others (e.g., appears tearful)

• Markedly diminished interest or pleasure in all, or almost all, activities most of the day, nearly every day 
(as indicated either by subjective account or observation made by others)

• Significant weight loss when not dieting or weight gain (e.g., a change of more than 5% of body weight in 
a month), or decrease or increase in appetite nearly every day

• Insomnia or hypersomnia nearly every day

• Psychomotor agitation or retardation nearly every day (observable by others, not merely subjective 
feelings of restlessness or being slowed down)

• Fatigue or loss of energy nearly every day

• Feelings of worthlessness or excessive or inappropriate guilt (which may be delusional) nearly every day 
(not merely self-reproach or guilt about being sick)

• Diminished ability to think or concentrate, or indecisiveness, nearly every day (either by subjective 
account or as observed by others)

• Recurrent thoughts of death (not just fear of dying), recurrent suicidal ideation without a specific plan, or 
a suicide attempt or specific plan for committing suicide

B. The symptoms do not meet criteria for a mixed episode.

C. The symptoms cause clinically significant distress or impairment in social, occupational, or other 
important areas of functioning.

D. The symptoms are not due to the direct physiological effects of a substance (e.g. a drug of abuse, a 
medication) or a general medical condition (e.g., hypothyroidism).

E. The symptoms are not better accounted for by bereavement, i.e., after the loss of a loved one, 
the symptoms persist for longer than 2 months or are characterized by marked functional 
impairment, morbid preoccupation with worthlessness, suicidal ideation, psychotic symptoms, or 
psychomotor retardation.
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A subgroup of MDD patients fail to respond to several steps of conventional 
treatments and are considered to be suffering from treatment resistant depression (TRD). 
TRD is a major public health problem which results in disproportionate burdens, causing 
huge mental health care, medical  and societal costs [5]. Despite effective pharmacological 
treatment it is estimated that only 30% to 40% of patients will reach remission after the 
first antidepressant trial. According to the Sequenced Treatment Alternatives to Relieve 
Depression (STAR*D) trial it appears that after two treatment steps the remission rate was 
30.6% [6]. Thereafter, the chances of subsequent remission are much lower; after three 
treatment steps remission rates for the fourth step was only 13%. At present, there is no well 
accepted definition for TRD. A systematic review identified several definitions ranging from 
nonresponse to one antidepressant (administered for ≤4 weeks) to a failure of response to 
multiple adequate trials of different classes of antidepressants and electroconvulsive therapy 
(ECT) [7]. The absence of a general suitable definition of TRD impairs reliable comparison 
between studies [7,8]. Deep brain stimulation (DBS) has recently emerged as a potential 
treatment for TRD. DBS is a neurosurgical technique in which electrodes are implanted in 
specific brain areas and are subcutaneously connected to a neurostimulator (Figure 1). The 
neurostimulator sends electric pulses to the electrodes, aiming to modulate brain activity. 

Figure 1. Deep brain stimulation system which shows the subcutaneous neurostimulator connected to the 
bilateral electrodes which transfers electric pulses to the surrounding brain tissue.

The Denys group showed that DBS of the nucleus accumbens in patients with 
obsessive compulsive disorder (OCD) not only improved OCD symptoms but also substantially 
improved mood symptoms [9]. The nucleus accumbens also has a central role in the reward 
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circuitry [10,11]. Altered reward processing has been reported in MDD patients [12,13], and 
may lead to anhedonia which is a key symptom in depression. Based on these findings the 
Denys group started a clinical study in the year 2010 to investigate the efficacy of nucleus 
accumbens DBS in TRD patients. However, the working mechanism of DBS was unknown 
and optimization of targeting was an unmet need. Therefore, parallel to the clinical study, the 
Denys group started a neuroimaging study in TRD patients who were included in the clinical 
DBS study. Since these patients were scanned both before and after DBS implantation, the 
neurobiological mechanisms of TRD as well as the working mechanism of DBS could be 
investigated. 

NEUROBIOLOGICAL MECHANISMS OF MDD

Over the years both structural and functional neuroimaging studies investigated the 
neurobiological mechanisms of MDD in which several models have been proposed. The most 
widely known model is the limbic-cortical dysregulation model [14,15], which has first been 
described in 1997 and has evolved ever since. This model includes three subsystems: 1) A 
ventral network which comprises the subgenual ACC (sgACC), the orbitofrontal cortex (OFC), 
hypothalamus, amygdala, nucleus accumbens, hippocampus and other limbic structures. 
This network is involved in the appraisal and identification of an emotional stimulus, and the 
production of a specific affective state in response to the stimulus. 2) A dorsal network which 
includes the dorsolateral prefrontal cortex (DLPFC), dorsal ACC and posterior supplemental 
motor area (pSMA). This network is involved in top down regulation of the affective state and 
emotional behaviour which inhibits or modulates processes in the ventral network [16-18]. 
3) The pregenual ACC (pgACC) which is isolated from the ventral and dorsal network on the 
basis of its reciprocal connections to the dorsal and ventral anterior cingulate. This region 
might serve as an important regulatory region in the interaction between the dorsal and 
ventral network. More recently this model has been expanded in which the regions within 
the model have been divided  into four compartments [1]: 1) an exteroceptive compartment 
including the DLPFC, premotor cortex and parietal cortex associated with attention and 
action (in accordance with the dorsal network), 2) an interoceptive compartment including 
the sgACC, anterior insula and hippocampus associated with autonomic function and drive 
states (in accordance with the ventral network), 3) a mood regulation compartment including 
the OFC and pgACC which is associated with self-relevance and reinforcement, 4) a mood 
monitoring compartment including the amygdala, thalamus and ventral striatum associated 
with salience and habit. The ventral and dorsal network together are also known as the 
frontolimbic network [19,20]. Importantly, what has remained consistent across these models 
is the reciprocal interaction between the ‘ventral’ and ‘dorsal’ network in which it has been 
hypothesized that MDD symptomatology results from a failure in the interaction between 
these two networks subsystems in MDD (Figure 2). More precisely, decreased cognitive 
control of the dorsal network on the ventral network is thought to cause predominant and 
persistent negative affective states in MDD [15,17,21]. 
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Dorsal network: 
DLPFC, dorsal ACC, 
pSMA 

Ventral network: 
sgACC, OFC, hypothalamus, 
amygdala, nucleus 
accumbens and hippocampus 

Figure 2. Schematic representation of the limbic-cortical dysregulation model by showing the reciprocal 
interaction between the ‘ventral’ and ‘dorsal’ network (represented by the blue arrow) in which it has been 
hypothesized that MDD symptomatology results from a failure in the interaction between these two networks 
subsystems in MDD. The ventral network comprises the subgenual ACC (sgACC), the orbitofrontal cortex (OFC), 
hypothalamus, amygdala, nucleus accumbens and hippocampus. The dorsal network includes the dorsolateral 
prefrontal cortex (DLPFC), dorsal ACC and posterior supplemental motor area (pSMA). 

Two other networks which have been shown to be relevant in MDD are the default 
mode network (DMN) and the salience network (SN). The DMN, which has rapidly become a 
central theme in cognitive and clinical neuroscience over the last years [22,23], is a large scale 
brain network that includes the posterior cingulate cortex (PCC), the medial prefrontal cortex 
(MPFC) and the parietal cortex [22]. The DMN, which is deactivated during task performance 
and active in the resting brain, underlies the mental process of introception – the mind 
turning inward as it moves away from externally focused thoughts [24]. The DMN has been 
implicated in self-referential processing, episodic memory retrieval in healthy states, but 
with rumination in depressed states. The DMN has consistently been shown to be abnormal 
in MDD, possibly also when a remission of symptoms has been achieved but when the risk 
of recurrence is still present [25]. The SN is a neurocognitive network and comprises the 
anterior insular cortex and dorsal anterior cingulate cortex (ACC) which serves to evaluate 
the relevance of internal and external stimuli in order to generate appropriate responses 
and guide behavior [26]. The anterior insula is a key area within this network and is critically 
involved in maintaining and updating representations of current and predictive salience [27]. 
 The development of the limbic-cortical dysregulation model is based on positron 
emission tomography (PET) studies and conventional functional magnetic resonance 
imaging (fMRI) studies which does not allow inference about the connection between 
networks. Therefore, based on these type of neuroimaging studies it remaines largely unclear 
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how these areas communicate, i.e. if these areas are characterized by a stronger or weaker 
connection in MDD patients relative to controls. Functional connectivity MRI allows inference 
on the functional interaction between brain networks. This method quantifies the temporal 
correlation of neural activity patterns of anatomically separated brain regions, reflecting the 
level of synchronicity as a measure of functional communication between regions [28,29]. 
Both model dependent and model free methods have been developed to examine functional 
connectivity [30]. A model dependent and straightforward technique is to correlate fMRI 
time-series of an a priori depicted brain region, i.e. a seed region, against the time-series of 
all other regions. Several model free methods have been developed of which independent 
component analysis (ICA) is most frequently used in which the entire fMRI data set is analyzed 
and is decomposed into components that are maximally independent. At present, many 
functional connectivity studies investigated the interaction between the ventral and dorsal 
network [19,31-34]. These studies reported inconsistent results including both decreased 
[31,35-38] as well as increased [34,39,40] FC between these networks. Therefore, it remains 
unclear whether MDD is characterized by either increased or decreased FC between these 
networks. 
 Besides abnormalities in brain function, abnormalities in structural brain 
connectivity have been reported as well in MDD subjects. These abnormalities include 
decreased white matter integrity of several white matter tracts which are involved in affective 
processing [41-43], including the superior longitudinal fasciculus and inferior fronto-occipital 
fasciculus. Furthermore, altered white matter integrity of the uncinate fasciculus and cingulum 
bundle was demonstrated in MDD patients relative to healthy controls [44]. At present, it is 
unknown how these functional and structural abnormalities interact in MDD patients. Several 
studies demonstrated diminished interhemispheric resting state functional connectivity in 
cases of callosal agenesis [45], and a complete loss of interhemispheric connectivity directly 
after callosotomy [46,47]. Furthermore, individual differences in amygdala responsivity have 
been associated with integrity of white matter fibers, including the uncinate fasciculus in 
healthy control subjects [48]. These studies suggest a relation between brain structure and 
function which remains to be clarified in MDD. 

NEUROBIOLOGICAL MECHANISMS OF TRD

The neurobiological mechanisms of TRD has not been studied extensively, therefore little 
is known about its pathophysiology. Studies mostly focused on regional brain activity and 
reported inconsistent findings. One SPECT study reported increased regional cerebral blood 
flow in the amygdala and hippocampus in the TRD group [49], whereas another study 
reported decreased perfusion in a larger network including the hippocampus and anterior 
cingulate cortex (ACC) [50]. Recently, one study used resting state functional connectivity MRI 
to investigate neural network dysfunction in TRD [37]. This study showed reduced functional 
connectivity between multiple brain networks (including the DMN, SN and ventral network) 
in both TRD and non-TRD patients compared to healthy controls. The comparison between 
TRD and non-TRD patients surprisingly showed increased between network connectivity 
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but was limited to only few brain regions. Given the limited evidence of within and between 
network connectivity in TRD patients, these findings should therefore be investigated further.  

The dopamine system

Multiple sources of evidence support the role of diminished dopaminergic neurotransmission 
in MDD [51]. Prominent clinical features of MDD like psychomotor speed, motivation, memory, 
concentration, and the ability to experience pleasure (hedonia) are all regulated, at least in 
part, by dopaminergic circuits in the brain [51,52]. One of these circuits is the mesolimbic 
circuit which arises from the ventral tegmental area (VTA) and projects to the ventral striatum 
(including the nucleus accumbens), hippocampus, amygdala and septum [52] (Figure 3). 
This circuit is also known as the ‘reward pathway’ in which, the ventral striatum, and in 
particular the nucleus accumbens, have a central function for processing of reward and 
pleasure information. Dysfunction of this pathway in MDD has been demonstrated by several 
studies [53,54]. Furthermore, molecular imaging studies in major depression which focused 
on postsynaptic dopamine D2/3 receptor (D2/3R) availability reported inconsistent findings 
[52]. Some of these studies showed increased D2/3R binding in MDD patients in the striatum 
[55-57] whereas other studies showed no significant differences in dopamine D2/3  binding in 
MDD patients relative to healthy controls [58,59]. However, dopaminergic neurotransmission 
through measurement of D2/3R binding has not been investigated in TRD subjects and 
thus remains to be clarified. Since, TRD patients are often more severely anhedonic and 
psychomotorically retarded, and most of the time did not respond to serotonergic or 
noradrenergic drugs, we hypothesized that TRD is characterized by reduced dopaminergic 
signaling, reflected by increased D2/3R binding.

Figure 3. Dopaminergic pathways in the human brain. This image is a midline sagittal section of the brain. 
Many of the structures identified are located more laterally than the drawing indicates. 
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DEEP BRAIN STIMULATION AND NEUROBIOLOGICAL MARKERS FOR TREATMENT 
RESPONSE

In the last decade several studies have reported promising effects of DBS in TRD, targeting 
different brain areas including the Subcallosal Cingulate Gyrus [60-62], Ventral Capsule/
Ventral Striatum [63], Medial Forebrain Bundle [64] and nucleus accumbens [11,65,66]. DBS 
is an extremely invasive and expensive therapy and the identification of predictive markers 
for treatment response is an unmet need. Proper prediction of treatment-outcome of DBS 
can prevent unnecessary implantation, disappointment after high expectations and medical 
costs. At present, only one resting state EEG study identified a biomarker for DBS treatment 
using the subcallosal cingulate white matter (SCC) as DBS target [67]. The authors showed 
that frontal theta concordance (FTC) prior to DBS implantation as well as early in treatment 
predicted 6-months response to SCC DBS. However, more prediction studies in MDD patients 
should be performed using different DBS targets as well as using different neuroimaging 
techniques, including functional connectivity MRI. Accurate prediction of DBS response is 
an unmet need since it might prevent unnecessary implantation, disappointment after high 
expectations and medical costs.
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OUTLINE OF THE THESIS

The general aim of this thesis is to investigate the neurobiological mechanisms of TRD. 
Part II first focuses on the neurobiological mechanisms of MDD, Part III focuses on the 
neurobiological mechanisms of TRD, and Part IV at last focuses on the treatment of TRD 
and aims to identify a predictive neurobiological marker for DBS treatment. 

Part II 
Chapter 2 investigates the neural mechanisms of MDD by conducting a voxel-based meta-
analysis of functional connectivity studies to investigate the FC within and between these 
networks in MDD patients relative to healthy controls. We specifically evaluate the evidence 
for the limbic-cortical dysregulation model in which we hypothesize to find decreased FC 
between the ventral and dorsal network. 
Chapter 3 investigates the relation between structural and functional connectivity within 
the frontolimbic network in MDD patients relative to healthy controls. Studies in healthy 
controls confirmed a relation between structural and functional connectivity. This structure-
function relation is relevant in MDD since structural abnormalities may lead to functional 
abnormalities. In this chapter DTI tractography of the uncinate fasciculus is combined with 
the functional connectivity between the subgenual ACC and the medial temporal lobe 
(including the amygdala and hippocampus) which are connected by the uncinate fasciculus. 
In addition, an exploratory analysis is performed to investigate how this structure-function 
relation in MDD subjects correlates with depression severity.

Part III
Chapter 4 investigates the neurobiological mechanisms of TRD by performing resting 
state functional connectivity analyses within and between three neurocognitive networks: 
the salience network, cognitive control network and the posterior and anterior default 
mode network. In addition a reference connectivity analysis of the primary motor cortex is 
performed in order to investigate the specificity of the functional connectivity analyses. We 
use a cross-sectional design and compare severe TRD patients with non-TRD patients and 
healthy controls.  
Chapter 5 investigates the neurobiological mechanisms of TRD by assessing dopaminergic 
neurotransmission using  [123I]IBZM single photon emission computed tomography (SPECT) 
imaging and tests the hypothesis whether TRD patients are characterized by diminished 
dopaminergic transmission, reflected by increased D2/3R binding. Striatal dopamine D2 and 
D3 receptor binding is compared between TRD patients and healthy controls.  

Part IV
Chapter 6 reviews the rationale, efficacy and future directions of different DBS targets in 
treatment resistant depression, treatment resistant obsessive compulsive disorder, treatment 
resistant addiction and new indications for DBS including obesity and anorexia nervosa. 
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Chapter 7 aims to identify a predictive neurobiological marker for DBS of the nucleus 
accumbens in TRD patients. Resting state functional connectivity of the ventromedial 
prefrontal cortex is assessed 3 weeks prior to DBS implantation to determine whether default 
mode network connectivity predicts the change in depressive symptoms from baseline to 8 
months following DBS. 

Part V
Chapter 8 provides a summary and a general discussion of the main findings including 
limitations and recommendations for future research.
Chapter 9 provides a Dutch summary of this thesis. 
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ABSTRACT

Background: The dominant neural model of depression characterizes major depressive 
disorder (MDD) by deficient prefrontal cortex regulation of the limbic system. This model 
is based on studies that reported hypoactivity in dorsal brain regions and hyperactivity in 
ventral brain regions. The interaction between these brain regions has been investigated 
more recently using functional connectivity (FC) analyses, but the results are inconsistent. 

Methods: We performed a systematic literature search and conducted a voxel-based meta-
analysis of FC studies in MDD to investigate FC within and between the ventral and dorsal 
network. 

Results: From 534 articles obtained by our systematic search, we included 17 studies for 
the ventral network, 10 studies for the dorsal network, and 3 studies considering FC in both 
networks. The ventral network analysis showed reduced FC with the dorsolateral prefrontal 
cortex (DLPFC), which is part of the dorsal network. This analysis also identified altered 
FC within the ventral network, with reduced FC with the insula and caudate nucleus, and 
increased FC with the temporal pole and inferior frontal cortex. The dorsal network analysis 
revealed a dissociation within the DLPFC and showed reduced FC with the anterior DLPFC 
and cingulate gyrus, and increased FC with a more posterior region of the DLPFC. 

Conclusion: These results provide further meta-analytical evidence for a disconnection 
between the ventral and dorsal network and support the limbic-cortical dysregulation model 
of depression. This disconnection might be associated with decreased regulation of affective 
states which leads to depressive symptoms through disinhibition of ventral limbic areas. 
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INTRODUCTION

Major depressive disorder (MDD) has a lifetime prevalence of 12% in men and 24% in women, 
and is a leading cause of worldwide disability [1-3]. Although several biological models have 
been studied, the pathophysiology of MDD remains unclear. Initial neuroimaging studies 
have provided a major contribution to elucidate dysfunctional brain processes in MDD. These 
studies identified hyperactivity and increased metabolism of limbic regions [4-6], considered 
as the ventral network [7]. This network comprises the subgenual anterior cingulate 
cortex (sgACC), the orbitofrontal cortex (OFC), hypothalamus, caudate, amygdala, nucleus 
accumbens (NAc), and hippocampus [7,8]. It is involved in the identification and appraisal 
of an emotional stimulus and the production of a specific affective state in response to the 
stimulus. This response includes autonomic, neuroendocrine and somatomotor responses 
as well as conscious emotional experiences [9]. Conversely hypoactivity and decreased 
metabolism of the prefrontal cortex was identified [10,11], considered as the dorsal network 
[7]. This network includes the DLPFC, dorsal ACC and posterior supplemental motor area 
(pSMA). It serves attention to demanding cognitive tasks and is involved in top down 
regulation of affective states and emotional behaviour by inhibiting or modulating processes 
in the ventral network [9,12,13]. 

Based on the function of both networks, together with the initial neuroimaging 
findings, the limbic-cortical dysregulation model was proposed in which it was hypothesized 
that MDD results from a dysregulation between these two networks [7,14]. More precisely, 
it was suggested that abnormal function of the dorsal network results in dysfunctional top-
down cognitive control of the ventral network which in turn leads to depressive symptoms 
such as a predominantly negative affective state and depressed mood [7,14,15]. Originally, 
this model was based on studies that only investigated neural activity using positron 
emission tomography (PET) and conventional functional magnetic resonance imaging (fMRI). 
However, these methods do not allow inference about the connection between networks.

Functional interactions within and between networks can be investigated using 
functional connectivity (FC) analysis which quantifies the temporal correlation of neuronal 
activity patterns of anatomically separated brain regions [16,17]. Different methods have 
been developed for FC analyses [18-20], including seed region correlation analysis, voxel-
mirrored homotopic connectivity (VMHC), independent component analysis (ICA) and 
regional homogeneity analysis (ReHo). Seed region correlation analysis is a hypothesis-
driven method which extracts the BOLD time course from an a priori defined seed region and 
determines the temporal correlation between this extracted signal and all other brain voxels 
[16,17]. VMHC compares the interhemispheric connectivity by quantifying the FC between 
each voxel in one hemisphere and its mirrored voxel in the opposite hemisphere [21]. ICA 
does not require an a priori definition of a seed region. Instead, the entire BOLD data set 
is analysed and is decomposed into components that are maximally independent [16,17]. 
ReHo uses Kendall’s coefficient of concordance (KCC) to measure the regional homogeneity 
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of spontaneous BOLD fluctuations, and measures the correlation of the time series of a given 
voxel with its nearest neighbour voxels in a voxel-wise manner [20]. 
 The number of functional connectivity MRI (fcMRI) studies that investigated FC 
within and between the ventral and dorsal network in MDD patients relative to healthy 
controls has increased in recent years [8,22-24]. Because the results are not consistent and a 
more general overview is needed to target future research and potential intervention studies, 
we performed a voxel-based meta-analysis of these studies. We restricted our analyses to 
the evidence for the limbic-cortical dysregulation model and hypothesized to find decreased 
FC between the ventral and dorsal network. We used a novel meta-analysis method called 
signed differential mapping (SDM), which enables proper meta-analysis of increased and 
decreased FC found in different studies simultaneously [25].
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METHODS

Literature search and study selection 

We systematically searched Pubmed and Embase (January 2001 until January 2014) for 
functional connectivity studies with a search strategy indicated in Table 1. Two authors 
(BdK and HGR) independently reviewed titles and abstracts of all retrieved citations, and 
selected relevant studies based on the in- and exclusion criteria stated below. The kappa 
for inter-rater agreement for study selection was 0.57, indicating moderate agreement. This 
discrepancy was caused by titles and abstracts which did not clearly identify studies as 
functional connectivity studies which was resolved by evaluation of full text of each study 
selected by either one of the two reviewers, whereafter consensus was reached. Reference 
lists of included articles were inspected for additional studies. 

TABLE 1. SEARCH TERMS

# Search terms used 

1. “Depressive Disorder, Major”[MeSH] OR “Depression”[MeSH] OR “Depressive Disorder”[MeSH]

2. Functional connectivity OR functional connectivity MRI 

3. Independent component analysis OR regional homogeneity analysis 

4. #1 AND (#2 OR #3)
Abbreviation: MeSH = Medical Subject Headings

In- and exclusion criteria

Inclusion-criteria were: 1) functional connectivity MRI study using resting state or task–based 
paradigms; 2) study focusing on ventral and/or dorsal network FC; 3) selection of adult 
patients with a primary diagnosis of MDD according to the Diagnostic and Statistical Manual 
of Mental Disorders (DSM-IV) criteria [26]; 4) age between 18 and 65 years; 5) inclusion of 
a healthy control group. Exclusion criteria were: 1) studies investigating the default mode 
network or salience network specifically; 2) studies using Psycho-Physiological Interactions 
(PPI) of task-based paradigms; 3) studies not written in English; and 4) studies with ≥50% of 
patients with psychiatric co-morbidity (anxiety disorder, substance abuse or dependence, 
current psychotic disorders, Parkinson’s disease, dementia or epilepsy).

Definition of the ventral and dorsal network

For the ventral network the following brain areas were included: the sgACC, OFC, thalamus, 
amygdala/hippocampus, parahippocampal gyrus, nucleus accumbens (NAc), caudate 
nucleus, putamen and insula. For the dorsal network we included: the DLPFC, MPFC, inferior 
parietal cortex, dorsal ACC, PCC and pSMA. This definition is based on network definitions as 
described by Mayberg et al  [15,27] and Phillips et al [7,9].  
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Meta-analysis 

Prior to performing the voxel-based meta-analysis we applied a strict selection of the 
reported peak coordinates of differences in FC. For the majority of studies, we included peak 
coordinates that were statistically significant at whole-brain level using multiple comparisons 
corrections (FWE, FDR and AlphaSim), but we also included uncorrected statistics for three 
studies [22,28,29]. To investigate FC differences between MDD patients and healthy controls 
we performed a meta-analysis from the ventral and dorsal network. For both meta-analyses 
we included studies that defined seed regions as part of the ventral or dorsal network as 
well as ICA studies reporting peak voxels part of the dorsal or ventral network. If seed regions 
or peak voxels of both networks were used, this study was included in both meta-analyses. 
When seed regions or peak voxels were not included in the present definition we performed 
a literature search to investigate whether these regions were anatomically and/or functional 
part of either the dorsal or ventral network and included these seeds accordingly.  

Effect-Size Signed Differential Mapping (ES-SDM) software, version 4.13 was used to 
perform these meta-analyses [30] (http://www.sdmproject.com/software/). ES-SDM adopts 
and combines the various positive features of two existing meta-analysis methods such a 
Activation Likelihood Estimation (ALE) [31] and Multilevel Kernel Density Analysis (MKDA) 
[32]. In addition, ES-SDM introduces series of improvements and novel features that enables 
investigators to combine both peak coordinates and statistical parametric maps using 
standard effect size and variance-based meta-analytic calculations. Another important 
novelty of ES-SDM is that both positive and negative coordinates (i.e. both increases and 
decreases of FC) are reconstructed in the same map, resulting in a signed differential map. 
This is an important feature that prevents a particular voxel erroneously appearing to be 
positive (i.e. increased FC) and negative (i.e. decreased FC) at the same time. This problem is 
often seen in published studies using previous methods like estimation likelihood estimation 
(ALE) [31]. A detailed description of ES-SDM is reported elsewhere [25,30]. 

First, peak coordinates were used to recreate a statistical map of the differences 
between groups for each study. Talairach coordinates were converted into MNI coordinates 
by use of the ES-SDM MNI/Talairach online converter (http://www.sdmproject.com/
utilities/?show=Coordinates). Second, meta-analytic maps were obtained by voxel-wise 
calculation of the pooled statistics of interest from the study maps, weighted by the squared 
root of the sample size of each study. Large sample sizes will therefore contribute more. As 
control for heterogeneity between studies a random effect model was used. P-values and 
z-scores from studies were converted into two sample t-values using the ES-SDM online 
converter (http://www.sdmproject.com/utilities/?show=Statistics) in which the number of 
covariates and the sample size of both the MDD and healthy control group of each study were 
introduced for better accuracy. Previously, a threshold of uncorrected p<0.005 as the main 
threshold was found to optimally balance sensitivity and specificity and to be an approximate 
equivalent to a corrected p-value of 0.05 in ES-SDM [30]. Therefore, this threshold and a 
cluster-size of >10 voxel was applied to the results. 
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Sensitivity analysis

In order to gauge the validity of the results, a systematic whole brain voxel-based jackknife 
sensitivity analysis was conducted. This consisted of repeating the main statistical analysis 
equivalent to the amount of included studies but discarding one different study each time, i.e. 
removing one study and repeating the analyses, then putting that study back and removing 
another study and repeating the analysis, and so on. If a previously significant brain region 
remains significant in all or most of the combinations of studies it can be concluded that this 
finding is highly replicable [25].
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RESULTS 
Included studies and characteristics 

Our sensitive searches identified 534 articles. After this procedure, 56 articles were retrieved 
based on title and abstract for more detailed evaluation (Figure 1). Thirty-two studies were 
excluded due to the following reasons: treatment studies not reporting baseline FC data, 
default mode network study, salience network study, DTI study, studies using Psycho-
Physiological Interactions (PPI), support vector machine analysis (SVM), and graph theory 
analysis. Thus, 24 studies were included with various methodologies (ICA n=4, ReHo 
n=2, VMHC n=2 and seed region FC analysis n=16). Of these we included 14 studies in the 
ventral network meta-analysis [18,24,33-44], 7 studies in the dorsal network meta-analysis 
[8,22,29,45-48], and 3 studies in both analyses [28,49,50]. These datasets included a total of 
611 MDD patients and 527 healthy controls (Table 2). 
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Articles identified by 
systematic searches  

(n=534) 

Articles retrieved for more 
detailed information (56) 

Studies included in the 
review (n=24) 

 
 
 

 
Studies excluded (n=32): 

- Treatment study but no 
baseline data 

- Default mode network study 
- Salience network study 
- DTI study 
- PPI, SVM, and graph theory 

analyses 
 
 
 
 
 

Excluded, not meeting in- and 
exclusion criteria based on title and 

abstract (n=478) 

Ventral network FC 
(n=17) 

Dorsal network FC 
(n=10) 

Included in both 
networks (n=3) 

Figure 1. Selection of studies. 

Meta-analysis
FC between the ventral and dorsal network

The ventral network meta-analysis showed decreased FC in MDD-patients between the 
ventral network and the following clusters in the dorsal network: left DLPFC, right middle 
and superior temporal gyrus, left caudate nucleus, right insula and left medial frontal gyrus 
(Table 3, Figure 2A, Figure 3). The dorsal network meta-analysis showed decreased FC in 
MDD-patients between the following area of the ventral network; left middle temporal gyrus. 

FC within the ventral network

The ventral network meta-analysis showed increased FC in MDD-patients within the ventral 
network in the following clusters: left and right OFC and left and right temporal pole (Table 
3, Figure 2A). 

FC within the dorsal network 

The dorsal network meta-analysis showed increased FC in MDD patients within the dorsal 
network in posterior regions of left and right DLPFC, left and right medial prefrontal cortex 
(MPFC), right pre- and postcentral gyrus, left paracingulate gyrus and paracentral lobule. In 
addition, results also showed decreased FC with anterior regions of the left DLPFC in MDD 
patients (Table 4, Figure 2B). 
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Table 3. Results of ventral network meta-analysis (MDD-patients vs. healthy controls)

!# "
"

   

FC within the dorsal network  

The dorsal network meta-analysis showed increased FC in MDD patients within the dorsal network 

in posterior regions of le� and right DLPFC, le� and right medial prefrontal cortex (MPFC), right 

pre- and postcentral gyrus, le� paracingulate gyrus and paracentral lobule. In addition, results 

also showed decreased FC with anterior regions of the le� DLPFC in MDD patients (Table 4, Figure 

2B).  

 

Table 3. Results of ventral network meta-analysis (MDD-patients vs. healthy controls) 

Label Cluster 
center   
(x,y,z) 

P-value JK Voxels Cluster breakdown                                                       
Local peaks  

 Cluster 
breakdown                                                                                   
Voxels 

Increased FC 

Le� inferior frontal 
gyrus, orbital part, 
BA 47 

-32,38,-16 0.00062 17 133 Le� inferior frontal gyrus, orbital part, BA 47                                                
Le� inferior frontal gyrus, orbital part, BA 11 

70                                           
24                                                                       

Le� temporal 
pole, superior 
temporal gyrus, 
BA 36 

-28,12,-34 0.00110 16 152 Le� temporal pole, middle temporal gyrus, BA 36                                                                        
Le� parahippocampal gyrus, BA 28                                        
Le� temporal pole, superior temporal gyrus, BA 36                                     
Le� temporal pole, middle temporal gyrus, BA 20                                     
Le� temporal pole, superior temporal gyrus, BA 28                                      

73                                            
13                                                
23                                                
7                                              
4                                                                                   

Right temporal 
pole, superior 
temporal gyrus,   
BA 38 

36,12,-22 0.00093 17 193 Right temporal pole, superior temporal gyrus, BA 38                                                                       
Right inferior frontal gyrus, orbital part, BA 38                                     
Right temporal pole, superior temporal gyrus, BA 20                                                                        

57                                        
27                                             
2               

Right superior 
frontal gyrus, 
orbital part, BA 11 

12,48,-26 0.00130 17 88 Right superior frontal gyrus, orbital part, BA 11                                                               
Right gyrus rectus, BA 11 

66                                         
2 

Decreased FC 

Right middle 
temporal gyrus,        
BA 48 

50,-16,-10 0.00018 18 1252 Right superior temporal gyrus, BA 22                                      
Right superior temporal gyrus, BA 48                                            
Right external capsule                                                     
Right insula, BA 48                                                            
Right middle temporal gyrus, BA 21                                           
Right superior temporal gyrus,       BA 21                                               
Right middle temporal gyrus, BA 20                                              
Right lenticular nucleus, putamen, BA 48                           
 Right middle temporal gyrus, BA 22   

227                                   
205                                  
142                                    
134                                      
134                                    
85                                       
72                                      
44                                       
38 

!$ "
"

Le� inferior frontal 
gyrus, orbital part, 
BA 38 

-52,20,-4 0.00115 18 80 Le� inferior frontal gyrus, triangular part, BA 45                   
Le� inferior frontal gyrus, orbital part, BA 38                                         
Le� inferior frontal gyrus, orbital part, BA 47                                        
Le� inferior frontal gyrus, orbital part, BA 47 

30                                         
13                                       
12                                          
9 

Le� middle frontal 
gyrus, BA 46  
(DLPFC)                                          

-36,24,42 0.00197 16 34 Le� middle frontal gyrus, BA 9  (DLPFC)                                      
Le� middle frontal gyrus, BA 46 (DLPFC) 

19                                              
15 

Le� caudate 
nucleus  

-12,8,8 0.00220 18 114 Le� caudate nucleus 
Le� Anterior limb of internal capsule 

86                                             
18  

Abbreviations: FC, functional connectivity;  JK, number of subsamples in jackknife analysis that could 
reproduce the findings; BA, Brodmann area; DLPFC, dorsolateral prefrontal cortex. Cluster center 
coordinates are in Montreal Neurological Institute (MNI) space.   

 

Table 4. Results of dorsal network meta-analysis (MDD-patients vs. healthy controls).   

Label Cluster 
center   
(x,y,z) 

P-value JK Voxel
s 

Cluster breakdown                                                       
Local peaks  

Cluster 
breakdown                                                                                   
Voxels 

Increased FC 
Le� middle frontal 
gyrus, BA 46 

-32,24,34 0.00003 10 617 Le� middle frontal gyrus, BA 46 (DLPFC)                                        
Le� middle frontal gyrus, BA 9 (DLPFC and MPFC)                                        
Le� inferior frontal gyrus, triangular part, BA 48               
Le� middle frontal gyrus, BA 8                                            
Le� middle frontal gyrus, BA 44                                           
Le� middle frontal gyrus, BA 45                                          
Le� inferior frontal gyrus, triangular part, BA 45               
Le� superior frontal gyrus, BA 9 (DLPFC)    

190                                    
171                                                                          
40                                        
38                                         
33                                               
30                                             
21                                          
14 

Right superior 
frontal gyrus  

20,24,42 0.00177 10 33 Right superior frontal gyrus, dorsolateral                              
Right middle frontal gyrus, BA 9 (DLPFC and MPFC) 

20                                       
3 

Le� median 
cingulate, 
paracingulate gyri 

-6,-10,46 0.00278 10 29 Le� median cingulate/ paracingulate gyri                          26                                             

Le� paracentral 
lobule, BA 4  

-14,-34,72 0.00281 10 49 Le� paracentral lobule, BA 4                                           
Le� postcentral gyrus 

21                                      
15 

Right postcentral 
gyrus 

60,-12,30 0.00308 10 328 Right postcentral gyrus, BA 3                                              
Right postcentral gyrus, BA 43                                         
Right precentral gyrus, BA 4                                                
Right postcentral gyrus, BA 4                                                
Right postcentral gyrus, BA 1  

130                                           
76                                          
28                                            
26                                         
18  

Decreased FC 
Le� middle 
temporal gyrus, 
BA 37 

-50,-64,10 0.00016 9 315 Le� middle temporal gyrus, BA 37                                                 
Le� middle occipital gyrus, BA 37                                                 
Le� middle temporal gyrus, BA 39    

272                                        
24                                                  
15 

Le� middle frontal 
gyrus, BA 46 
(DLPFC) 

-32,54,28 0.00093 9 92 Le� middle frontal gyrus, BA 46 (DLPFC)                                              
Le� superior frontal gyrus, BA 46 (DLPFC)                                       
Le� middle frontal gyrus       

71                                              
11                                              
10 

Paracingulate gyrus 6,-2,30 0.00140 10 90 Le� anterior cingulate/ paracingulate gyri                                                         
Right median cingulate/ paracingulate gyri                                                           
Right anterior cingulate/ paracingulate gyri 

18                                             
7                                                     
4 

Abbreviations: FC, functional connectivity;  JK, number of subsamples in jackknife analysis that could reproduce 
the findings; BA, Brodmann area; DLPFC, dorsolateral prefrontal cortex. Cluster center coordinates are in 
Montreal Neurological Institute (MNI) space.  
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Table 4. Results of dorsal network meta-analysis (MDD-patients vs. healthy controls).  
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Le� inferior frontal 
gyrus, orbital part, 
BA 38 

-52,20,-4 0.00115 18 80 Le� inferior frontal gyrus, triangular part, BA 45                   
Le� inferior frontal gyrus, orbital part, BA 38                                         
Le� inferior frontal gyrus, orbital part, BA 47                                        
Le� inferior frontal gyrus, orbital part, BA 47 

30                                         
13                                       
12                                          
9 

Le� middle frontal 
gyrus, BA 46  
(DLPFC)                                          

-36,24,42 0.00197 16 34 Le� middle frontal gyrus, BA 9  (DLPFC)                                      
Le� middle frontal gyrus, BA 46 (DLPFC) 

19                                              
15 

Le� caudate 
nucleus  

-12,8,8 0.00220 18 114 Le� caudate nucleus 
Le� Anterior limb of internal capsule 

86                                             
18  

Abbreviations: FC, functional connectivity;  JK, number of subsamples in jackknife analysis that could 
reproduce the findings; BA, Brodmann area; DLPFC, dorsolateral prefrontal cortex. Cluster center 
coordinates are in Montreal Neurological Institute (MNI) space.   

 

Table 4. Results of dorsal network meta-analysis (MDD-patients vs. healthy controls).   

Label Cluster 
center   
(x,y,z) 

P-value JK Voxel
s 

Cluster breakdown                                                       
Local peaks  

Cluster 
breakdown                                                                                   
Voxels 

Increased FC 
Le� middle frontal 
gyrus, BA 46 

-32,24,34 0.00003 10 617 Le� middle frontal gyrus, BA 46 (DLPFC)                                        
Le� middle frontal gyrus, BA 9 (DLPFC and MPFC)                                        
Le� inferior frontal gyrus, triangular part, BA 48               
Le� middle frontal gyrus, BA 8                                            
Le� middle frontal gyrus, BA 44                                           
Le� middle frontal gyrus, BA 45                                          
Le� inferior frontal gyrus, triangular part, BA 45               
Le� superior frontal gyrus, BA 9 (DLPFC)    

190                                    
171                                                                          
40                                        
38                                         
33                                               
30                                             
21                                          
14 

Right superior 
frontal gyrus  

20,24,42 0.00177 10 33 Right superior frontal gyrus, dorsolateral                              
Right middle frontal gyrus, BA 9 (DLPFC and MPFC) 

20                                       
3 

Le� median 
cingulate, 
paracingulate gyri 

-6,-10,46 0.00278 10 29 Le� median cingulate/ paracingulate gyri                          26                                             

Le� paracentral 
lobule, BA 4  

-14,-34,72 0.00281 10 49 Le� paracentral lobule, BA 4                                           
Le� postcentral gyrus 

21                                      
15 

Right postcentral 
gyrus 

60,-12,30 0.00308 10 328 Right postcentral gyrus, BA 3                                              
Right postcentral gyrus, BA 43                                         
Right precentral gyrus, BA 4                                                
Right postcentral gyrus, BA 4                                                
Right postcentral gyrus, BA 1  

130                                           
76                                          
28                                            
26                                         
18  

Decreased FC 
Le� middle 
temporal gyrus, 
BA 37 

-50,-64,10 0.00016 9 315 Le� middle temporal gyrus, BA 37                                                 
Le� middle occipital gyrus, BA 37                                                 
Le� middle temporal gyrus, BA 39    

272                                        
24                                                  
15 

Le� middle frontal 
gyrus, BA 46 
(DLPFC) 

-32,54,28 0.00093 9 92 Le� middle frontal gyrus, BA 46 (DLPFC)                                              
Le� superior frontal gyrus, BA 46 (DLPFC)                                       
Le� middle frontal gyrus       

71                                              
11                                              
10 

Paracingulate gyrus 6,-2,30 0.00140 10 90 Le� anterior cingulate/ paracingulate gyri                                                         
Right median cingulate/ paracingulate gyri                                                           
Right anterior cingulate/ paracingulate gyri 

18                                             
7                                                     
4 

Abbreviations: FC, functional connectivity; JK, number of subsamples in jackknife analysis that could reproduce 
the findings; BA, Brodmann area; DLPFC, dorsolateral prefrontal cortex; MPFC, medial prefrontal cortex; SMA, 
supplementary motor area. Cluster center coordinates are in Montreal Neurological Institute (MNI) space.  
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R anterior 
DLPFC 

R Insula 

R Insula 
L/R Temporal 
Pole 

R/L Inferior 
Frontal Gyrus L DLPFC 

B. Dorsal network 

A. Ventral network  

L posterior 
DLPFC and 
VMPFC 

L Temporal  
pole 

R postcentral 
gyrus 

L middle 
temporal gyrus 

L paracentral 
lobule 

R Temporal  
gyrus L caudate 

L Inferior  
Frontal gyrus 

Paracingulate 
gyrus Corpus  

Callosum 

R temporal 
gyrus 

R Temporal  
gyrus 

R posterior 
DLPFC 

Figure 2. Pooled results of two separate meta-analyses of studies investigating ventral or dorsal network FC in 
MDD patients vs. controls. Red areas correspond to regions with increased FC in MDD; blue areas to regions with 
decreased FC in MDD. A) Main results of the ventral network meta-analysis shows increased FC with right and 
left temporal pole and left inferior frontal gyrus as well as decreased FC with the right insula and left DLPFC. B) 
Main results of the dorsal network meta-analysis shows increased FC with the left and right posterior DLPFC as 
well as decreased FC with the right anterior DLPFC.     

DLPFC 

Ventral network: 
Amygdala, insula, ventral 
striatum, thalamus, sgACC 
and OFC  

Figure 3. Main results of this meta-analysis showed decreased functional connectivity between the ventral 
network and the DLPFC in MDD patients relative to healthy controls (represented by the red arrow). These 
findings support the limbic-cortical dysregulation model, but also corroborates it by providing evidence for 
a disconnection between the dorsal and ventral network. The DLPFC plays an important role in top-down 
regulation of emotional processing. These findings, therefore, may lead to impaired regulation of the ventral 
network. Since the ventral network is associated with the identification of an emotional stimulus as well as 
producing an affective state in response to the stimulus, dysregulation of this network may lead to depressive 
symptoms.     
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Sensitivity analysis

Whole-brain jackknife sensitivity analysis showed that the findings of both meta-analyses 
were highly replicable. Regarding the ventral network FC, the decreased FC with the DLPFC 
remained significant in all but 2 combinations of dataset, the increased FC with the left 
temporal pole/superior temporal gyrus cluster remained significant in all but 2 datasets, 
and the increased FC with left inferior frontal gyrus cluster as well the right superior frontal 
gyrus cluster remained significant in all but 1 dataset. Regarding the dorsal network FC, the 
decreased FC with the DLPFC and with the left middle temporal gyrus remained significant 
in all but 1 dataset. 
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DISCUSSION

To our knowledge this is the first meta-analysis of functional connectivity studies in MDD 
patients. The meta-analysis from the ventral network showed decreased FC with the left 
DLPFC suggesting decreased FC between the ventral and dorsal network in MDD patients 
relative to healthy controls. Within the ventral network the main results were increased FC 
with the OFC and left and right temporal pole, and decreased FC with the right superior 
temporal gyrus, right insula and left caudate in MDD patients relative to controls. Within the 
dorsal network the main results were increased FC with posterior regions of the DLPFC and 
the MPFC and decreased FC with anterior regions of the DLPFC in MDD relative to control 
subjects. 

First, the results showed decreased FC in MDD between the ventral network and left 
DLPFC which is a key area of the dorsal network [51]. This suggests an abnormal interaction or 
a functional disconnection between the dorsal and ventral network. These findings therefore 
not only support the limbic-cortical dysregulation model [7,27], but also corroborates it 
by providing evidence for a between network disconnection. Interestingly, neuroimaging 
studies showed that the DLPFC plays an important role in top-down regulation of emotional 
processing [52-54]. Notably, MDD patients showed decreased DLPFC activity in response 
to cognitive tasks [55]. These findings together suggest that not only DLPFC function itself 
is abnormal in depression but that the DLPFC is also disconnected from ventral network 
regions. This may lead to impaired top-down regulation of the ventral network. Since the 
ventral network is associated with the identification of an emotional stimulus as well as 
producing an affective state in response to the stimulus [7], dysregulation of this network 
may lead to depressive symptoms such a negative affective state. However, it remains to be 
investigated how decreased FC between both networks is related with depressive symptoms, 
e.g. by correlating depressive symptomatology or rumination scores to between network 
connectivity. 

Second, the results showed decreased FC between the ventral network and the 
right insula (including both anterior and posterior regions). This finding may be considered 
paradoxical since the insula has classically been suggested to be part of the limbic system 
and ventral network, and has anatomical connections to the amygdala, OFC and superior 
temporal sulcus [56]. Moreover, several FC studies have demonstrated increased FC within 
the ventral network including the subgenual ACC, amygdala, hippocampus as well as the 
insula itself [24,33,35]. However, recent evidence has demonstrated a major role of the 
anterior insula in switching between the central executive network (i.e. the dorsal network) 
and the default mode network during task-free resting state and a visual attention task [57]. 
We therefore speculate that the decrease in FC of the insula with the ventral network may 
reflect an abnormal capacity of switching between these two networks in major depression.

Third, results of the dorsal network meta-analysis showed increased FC with both 
left and right posterior regions of the DLPFC, and left MPFC, but conversely decreased FC 
with the left anterior regions of the DLPFC. FC abnormalities within the dorsal network in 
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MDD have been reported inconsistently by other studies [29,46,49,58]. Two studies showed 
increased FC between the DLPFC and dorsal ACC in MDD patients [29,49], whereas another 
study showed decreased FC between these regions in late life depression [59]. Moreover, one 
study showed increased functional connectivity between the MPFC and both the DLPFC and 
dorsal ACC during a self-referential processing task [46]. However, at present no study has 
specifically investigated FC patterns of DLPFC sub-regions in MDD patients. 

We speculate that the present differences in FC of the anterior and posterior 
DLPFC may be explained by differential functions in cognitive control of these sub-regions. 
Cognitive control enables us to select actions on the basis of internal plans [60]. It has been 
hypothesized that the prefrontal cortex (PFC) consists of an anterior-posterior axis which is 
organized hierarchically in which more anterior regions progressively mediate more abstract 
and higher-order cognitive control [61]. These higher order control areas (i.e. anterior portions 
of the DLPFC) are associated with meta-cognition, which refers to the evaluation and control 
of one’s cognitive processes (‘cognition about cognition’) [62]. Interestingly, one study 
showed that both positive and negative metacognitive beliefs are be related to ruminative 
thinking in MDD patients [63]. Moreover, it has been shown that the VMPFC is involved in self-
referential processing which concerns the appraisal of stimuli as strongly related to one’s 
own person [46]. In MDD, these processes are disturbed, and associated with a bias toward 
negative emotional processing and increased self-focus, i.e. rumination [64]. Rumination has 
indeed been associated with abnormal functioning of the VMPFC in MDD [64]. One study 
showed that increased VMPFC FC was positively associated with higher rumination scores 
[65]. We therefore speculate that the decreased FC of the anterior DLPFC within the dorsal 
network may lead to abnormal top-down control of the VMPFC resulting in increased VMPFC 
FC. This in turn may lead to abnormal self-referential processing and ruminative thoughts.   

Finally, the ventral network meta-analysis showed increased FC within the ventral 
network in MDD patients relative to healthy controls including the orbital part of the inferior 
frontal gyrus as well as the left and right temporal pole. The OFC is known to have a key role 
in emotion processing [66] which in MDD is expressed by negative biases in processing of 
emotional information. More specifically, depressive patients tend to experience increased 
negative affect and reduced positive affect, and these mood disturbances are accompanied 
by negative affective biases during the perception, implicit evaluation and interpretation 
of emotional information [67]. Two reviews have summarized extensive literature on 
ventral network functioning and specifically demonstrated alterations in both activity and 
metabolism of the OFC in which the majority showed increased activity and metabolism 
of this area [7,68]. The present increased OFC FC within the network in MDD patients 
corroborates these findings and may therefore result in abnormal emotion processing, i.e. 
increased sensitivity to negative emotional stimuli. The increased FC with the temporal pole 
is in line with these findings since it has strong anatomical connections to both the OFC 
and has been considered as a paralimbic region [69]. Furthermore, this region also has an 
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important role in emotion processing and thus may also contribute in abnormal emotion 
processing.   

Several limitations have to be addressed of which some are inherent to meta-
analytical approaches. First, voxel-based meta-analyses are based on summarized (i.e. 
coordinates from published studies) rather than raw data which may result in less accurate 
results [25]. However, obtaining and analyzing the raw images from these studies is logistically 
and technically difficult. Second, the included studies used different methodologies and 
paradigms. These include differences in FC analysis methods and differences in experimental 
designs like different paradigms of task-based studies, different statistical thresholds, 
different handling of multiple comparisons, and different patient characteristics like age, 
gender distribution (male/female) and comorbidity. It has been shown that age can affect 
functional connectivity [70]. Furthermore, a review showed that gender has a significant 
influence on functional connectivity which may underlie gender-related cognitive differences 
[71]. We approached this apparent heterogeneity with random effects models for pooling. 
Third, antidepressant medication was administered to MDD patients in 9 of 24 included 
studies which has been demonstrated to change FC between networks [2,72-74]. Two studies 
in MDD subjects showed increased FC between the ventral and dorsal network following 
treatment [72,73], whereas prolonged antidepressant administration in healthy controls 
appears to decrease FC [2,74]. Future analyses of subsets of studies in drug free patients are 
needed to further elucidate these confounding effects. At last, results did not identify FC with 
the amygdala and/or hippocampus which are both important areas of the ventral network 
[8,15]. An explanation may be that these areas were chosen as seed regions by 20.8% of the 
included studies and therefore are not reported as results. 

In conclusion, this meta-analysis of 24 functional connectivity studies in MDD used 
a novel method called effect size signed differential mapping. An important novelty of this 
technique is that it reconstructs both increased and decreased FC in the same map. Results 
showed decreased functional connectivity between the DLPFC and the ventral network 
which suggests a pathophysiological interaction between the dorsal and ventral network in 
MDD. A voxel-based jackknife sensitivity analysis concluded that these findings were highly 
replicable. The decreased functional connectivity may lead to impaired top-down control of 
the DLPFC on the ventral network resulting in depressive symptoms and a negative affective 
state. These findings therefore not only support the limbic-cortical dysregulation model but 
importantly also corroborate it by demonstrating a disconnection between the ventral and 
dorsal network. 
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ABSTRACT

Background: Major depressive disorder (MDD) is characterized by abnormalities in both 
brain structure and function within a frontolimbic network. However, little is known about the 
relation between structural and functional abnormalities in MDD. Here, we used a multimodal 
neuroimaging approach to investigate the relation between structural connectivity and 
functional connectivity within the frontolimbic network

Methods: We assessed the integrity of the uncinate fasciculus that connects the subgenual 
anterior cingulate cortex (subgenual ACC) to the medial temporal lobe (MTL) using diffusion 
tensor imaging (DTI), and assessed functional connectivity between these brain regions 
using functional magnetic resonance imaging (fMRI).

Results: The results showed that white matter integrity of the uncinate fasciculus was reduced, 
and that functional connectivity between the subgenual ACC and MTL was enhanced in MDD. 
Importantly, we identified a negative correlation between uncinate fasciculus integrity and 
subgenual ACC functional connectivity with the bilateral hippocampus in MDD, but not in 
healthy controls. Moreover, this negative structure-function relation in MDD was positively 
associated with depression severity.

Conclusions: These findings suggest that structural abnormalities in MDD are associated 
with increased functional connectivity between subgenual ACC and MTL and that these 
changes are concomitant with severity of depressive symptoms. This association indicates 
that structural abnormalities in MDD contribute to increased functional connectivity within 
the frontolimbic network.
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INTRODUCTION 

Major depressive disorder (MDD) is associated with dysregulation of a brain network 
including the prefrontal cortex, subcortical structures, and limbic areas (1,2). Within this 
frontolimbic network abnormalities in both brain structure and function are reported in MDD 
(3-6). Structural abnormalities include initial evidence of decreased white matter integrity 
of different white matter tracts in MDD, including the uncinate fasciculus and the superior 
longitudinal fasciculus (7-9). The uncinate fasciculus connects the medial temporal lobe 
(MTL) with the subgenual anterior cingulate cortex (subgenual ACC) and orbitofrontal cortex, 
and is involved in affective processing and memory (10,11). Decreased fractional anisotropy 
(i.e. diminished integrity) of left and right uncinate fasciculus, connecting subgenual ACC 
with right amygdala was reported in adolescent depression (3). Another study showed lower 
fractional anisotropy values and increased radial diffusivity of the right uncinate fasciculus 
in adult MDD relative to controls, all indicative of reduced integrity of white-matter tracts 
(9). Furthermore, reduced fractional anisotropy of left and right uncinate fasciculus was 
reported in MDD patients carrying the Val66Met brain derived neurotrophic factor (BDNF) 
polymorphism compared to MDD patients homozygous for the val-allele and compared to 
controls carrying the met-allele (12).   

Functional changes in brain regions that are connected by the uncinate fasciculus 
such as the amygdala and the subgenual ACC appear to be hyperactive in MDD (13-15). To 
examine whether these changes in network activity are accompanied by altered network 
communication, functional connectivity MRI has been used to assess the interaction between 
frontolimbic brain regions by detecting interregional temporal correlations of blood oxygen 
level-dependent (BOLD) signal fluctuations (16). A number of functional connectivity studies 
in MDD confirmed indeed differences in functional connectivity between the subgenual ACC 
and the medial temporal lobe (MTL), including the hippocampus and amygdala (6,17,18). 
Increased functional connectivity between the amygdala and the subgenual ACC in MDD 
relative to healthy controls was reported during a face matching task (6). Furthermore, 
depression severity was positively correlated with functional connectivity between 
frontolimbic regions (19,20). These findings suggest a hyperactive and strongly connected 
frontolimbic network in MDD, with larger abnormalities when depression severity increases. 
 Recent studies have found evidence for a direct relation between structural and 
functional connectivity. Interhemispheric resting state functional connectivity is diminished in 
cases of callosal agenesis (21), and is almost completely abolished directly after callosotomy 
(22,23). Another study in healthy controls reported a strong relation between structural 
connectivity and resting state functional connectivity between regions that show a strong 
structural connection (24). Furthermore, individual differences in amygdala responsivity 
have been associated to integrity of white matter fibers including the uncinate fasciculus 
in healthy controls (25), suggesting a relation between frontolimbic activity and structural 
connectivity. However, little is known about how structural and functional abnormalities 
are related in MDD. One study reported a negative correlation between amygdala volume 
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and activity in MDD, but not in healthy controls (26). Another study reported a negative 
correlation between orbitofrontal cortex volume and middle frontal gyrus, caudate nucleus 
and precuneus activity during an fMRI emotional face paradigm in MDD relative to healthy 
controls (27). Furthermore, two preliminary studies investigated the relation between white 
matter integrity and functional connectivity in geriatric depression, but they did not compare 
their data with a healthy control group (28,29).   

We used a multimodal neuroimaging approach to investigate whether altered 
functional connectivity in MDD is associated with abnormal structural connectivity within 
the frontolimbic network. We assessed white matter integrity of the uncinate fasciculus using 
DTI tractography, and functional connectivity between the subgenual ACC and the MTL. We 
hypothesized that altered functional connectivity between the subgenual ACC and MTL 
would be associated with depression severity and decreased structural connectivity between 
these brain regions as measured by reduced structural integrity of the uncinate fasciculus.
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METHODS
Subjects

MDD patients were recruited at the Department of Psychiatry of the Academic Medical 
Center (AMC) in Amsterdam. Healthy control subjects were recruited via advertisements. All 
patients were diagnosed according to DSM-IV criteria by an experienced psychiatrist in MDD. 
To rate depression and anxiety severity, we used the 17-item (scores ranging from 0 to 54) 
Hamilton Depression Rating Scale (HAM-D) (30) and the 14-item (scores ranging from 0 to 
56) Hamilton Anxiety Rating Scale (HAM-A) (31). The Dutch Adult Reading Test (DART) was 
used to measure the intelligent level (32), which is the Dutch version of the National Adult 
Reading Test (33). Additional inclusion criteria for depressed subjects were age between 18 
and 65 years and HAM-D ≥15. Exclusion criteria for depressed subjects were: 1) presence of 
severe alcohol or substance abuse (including nicotine), 2) primary anxiety disorder, eating 
disorder or psychotic disorder, 3) current or past psychotic or manic depressive episode, 4) 
use of psychotropic medication other than selective serotonin reuptake inhibitors (SSRI), 
selective noradrenalin reuptake inhibitors (SNRI) or a tricyclic antidepressant (TCA), 5) major 
neurological disorders. Inclusion criteria for healthy controls were: 1) age between 18 and 
65 years, 2) no current or past psychiatric disorders, 3) no current neurological disorder. The 
study was approved by the Medical Ethical Committee of the AMC and all subjects provided 
written informed consent. 

Facial affect paradigm

To probe amygdala activity and prefrontal cortical-amygdala connectivity, all participants 
performed a facial affect processing paradigm during fMRI scanning (34-36). The paradigm 
consisted of a blocked design, including black and white photographs of faces with different 
emotional expressions generated from the NimStim series of facial pictures (http://www.
macbrain.org/). Neutral, fearful, angry, sad, happy and blurred faces with a left/right arrow 
in the middle were presented. For the fearful, angry, sad and happy faces two different 
intensities of emotion were included. In total, 6 blocks of 16 seconds (four faces) for every 
single emotion were presented, interspersed with a four seconds fixation cross between the 
blocks but not between the pictures. The blocks were presented in a pseudo-randomized 
order. Subjects had to indicate the gender of the faces by clicking a left or right button. During 
the counterbalanced blurred faces trials subjects had to indicate the direction of the arrow.

MRI Data Acquisition

The fMRI, DTI and structural data were acquired on a 3.0 Tesla MRI scanner (Philips Intera, 
Philips Medical Systems, Best, the Netherlands) with body coil excitation and an 8-channel 
SENSE head coil. The head was held in place with a headphone and foam-pads. For the 
functional scan the following parameters were used: echo time 25 ms, repetition time 2300 
ms, flip angle 80°, matrix 96x95, number of slices 40, slice gap 0 mm, slice thickness 3mm, 
ascending slice order, field of view 220x220x120 mm3, voxel size 2.29x2.29x3 mm3. In total 
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314 dynamics were acquired with a total duration of 12 minutes and 11 seconds. For the 
structural scan a T1-weighted structural image was acquired for anatomical co-registration 
purposes with the following parameters: duration 383 s, echo time 4.6 ms, repetition time 
9576 ms, flip angle 8°, matrix 256x256, number of slices 281, slice gap 0 mm, slice thickness 
1.2mm, ascending slice order, field of view 218x226x226 mm3, voxel size 2x0.883x0.883 
mm3. DTI data were acquired in alignment with the fMRI data. The diffusion weighting was 
performed along 32 directions, with a b-value of 600 s/mm2. Four non- diffusion weighted 
images were acquired and averaged. Other DTI sequence parameters were: echo time 60ms, 
repetition time: 6721 ms, slice thickness 2mm, field of view 224x 224 x140mm3, voxel size 
2x2x2 mm3. Total DTI scan time was 5 minutes.

Structural connectivity analysis
Preprocessing

The preprocessing of the DTI data was performed using in-house developed software, written 
in Matlab (The MathWorks, Natick, MA). The preprocessing was executed on the Dutch Grid 
[www.biggrid.nl] using a web interface to the e-Bioinfra gateway (37,38). Head motion 
and deformations induced by eddy currents were corrected for by an affine registration of 
the Diffusion Weighted Images (DWIs) to the non-diffusion weighted image. The gradient 
directions were corrected by the rotation component of the transformation. The DWIs were 
resampled isotropically. Rician noise in the DWIs was reduced by an adaptive noise filtering 
method (39). Diffusion tensors were estimated in a non-linear least squares sense. From the 
tensors, fractional anisotropy and mean diffusivity maps were computed. 

Fiber tracking

Fiber tracking of bilateral uncinate fasciculi was performed using DTI studio (version 3.0.3 sep. 
2010) (40). Three-dimensional reconstruction of the tract was done as described by Wakana 
et al (41). The fractional anisotropy threshold was set at 0.15 and an angular threshold of 70○ 

was used for all reconstructions. Then two regions of interest (ROIs) were placed on a coronal 
slice at the most posterior slice where the temporal and frontal lobes are separated. All fibers 
in the temporal lobe were included in the first ROI, and then a second ‘AND’ ROI was applied 
to select only the projections of these fibers to the frontal lobe (Figure S1) (41). 

Fiber tracking is known to be an observer-dependent process. Therefore, the fiber 
tracking reproducibility was assessed by two blind observers (BdK and LH) reconstructing the 
uncinate fasciculus bilaterally for 10 subjects who were chosen randomly. The overlapping 
tract volume was computed relative to the total volume tracked by both observers. This 
resulted in an inter-observer reliability index of 90% ± 9%. Subsequently, one observer (BdK) 
performed the fiber tracking in all subjects. Figure S2 shows an example of the reconstructed 
uncinate fasciculus tract for one subject after fiber tracking. 
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Tractography analysis

FA profiles with 2mm distance sampling were generated on bilateral uncinate fasciculi running 
from medial temporal lobe (MTL) to the orbitofrontal cortex (OFC), and resulted in  60 mean 
FA points along the tract (Figure S3) (42). To improve inter-subject correspondence along the 
individually tracked fibers, we non-rigidly registered (43) the non-diffusion weighted images 
(b0) and warped the tracked fibers accordingly, using in-house written software in Matlab. 
The fiber with minimal distance to all fibers of all subjects was chosen as reference fiber. The 
normal plane along this fiber was used to define correspondence to all subjects’ fibers.  

Statistical analysis 

To analyze specific FA differences within different parts of the tract the generated 60 FA points 
along left and right uncinate fasciculus were divided into four parts, resulting in four averaged 
FA values per side (Figure S3). The first part contains fibers running from the medial temporal 
lobe to the first part of the curve that the uncinate fasciculus makes behind the external 
capsule inward to the insular cortex (44). The second part contains fibers running through 
the second part of the curve. The third part contains fibers connecting the anterior cingulate 
cortex (ACC) and the OFC. The fourth part only contains fibers connecting the OFC. The four 
averaged FA values were then entered in a general linear model (GLM) repeated measure 
analysis with the factors side (left and right uncinate fasciculus) and location (the four parts 
along the tract). The MDD and healthy control groups were included as between-subject 
factor to examine group differences. Because increasing age is associated with an increase 
of white matter abnormalities (45), age was included as covariate. Although not significant, 
gender was not equally distributed between both groups, and some MDD patients used 
medication. Therefore, we additionally included these two variables as covariate. Medication 
was included by means of an additional regressor of no interest with dichotomous values 
(1=medication use and 0=no medication use). At last, we investigated the relation between 
the structural connectivity of each part of the uncinate fasciculus and depression severity. 
Therefore, we performed a correlation analysis between uncinate fasciculus structural 
connectivity and the HAM-D scores of each MDD subject. 

Functional connectivity analysis
fMRI data analysis

For data analysis, Statistical Parametric Mapping (SPM8, Wellcome Trust Center for 
Neuroimaging, London, United Kingdom, http://www.fil.ion.ucl.ac.uk/spm/software/SPM8) 
was used for the following preprocessing steps: realignment to correct for subject motion; 
slice timing; coregistration of functional and structural data; spatial normalization into 
standard stereotactic space using a template from the Montreal Neurological Institute (MNI); 
smoothing of data with an 8mm Gaussian kernel. Head movement of all participants was 
<3mm corresponding to one slice thickness. 
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Functional connectivity analysis

In this study seed region correlation analysis was used as functional connectivity analysis 
method. This is a hypothesis driven method that extracts the BOLD time course from an a 
priori defined region of interest (ROI) and determines the temporal correlation between this 
extracted signal and all other brain voxels (46,47).  

For this study the subgenual ACC was selected as ROI which is a key region within 
the frontolimbic network and has consistently shown increased activity and connectivity in 
MDD(48-50). The subgenual ACC peak coordinate reported by Matthews et al (1, 32, -6 mm; 
MNI space) was used for further analysis (51). For each subject, the MarsBar toolbox (version 
0.42) (http://marsbar.sourceforge.net/) was used to extract the mean voxel time series of the 
subgenual ACC ROI (with a 6 mm radius around the coordinate) for the 314 scans. To exclude 
task-related signal from the time series we extracted the seed time course from a GLM design 
which included both task-related regressors as well as movement parameters. The time 
series were then entered in a first level GLM for each subject as regressor of interest and the 
task regressors and movement parameters as regressors of no interest. We obtained one first 
level contrast image per subject from the regressor of interest representing the correlation of 
the ROI with all other voxels. 

Statistical analysis 

We performed a second level two-sample t-test with contrast images generated from the 
first level functional connectivity analysis to examine differences in functional connectivity 
between MDD patients and healthy controls. We used voxel-wise statistical tests with family 
wise error (FWE) correction (p<0.05) for multiple comparisons across the entire brain or with 
regions of interest (ROI) using small volume corrections (52). ROIs for the hippocampus 
and amygdala were anatomically defined using the WFU PickAtlas tool (53,54). To correct 
for the potential effect of age, gender and medication use we included these variables as 
covariates of no interest in the analysis. Medication was included by means of dichotomous 
values (1=medication use and 0=no medication use). An additional exploratory analysis was 
performed to investigate the relation between subgenual ACC functional connectivity and 
depression severity. Therefore, we performed a correlation analysis between subgenual ACC 
functional connectivity and the HAM-D score of each MDD subject. 

Relation between structural and functional connectivity

To examine the relation between structural connectivity of the uncinate fasciculus and 
functional connectivity of the subgenual ACC with the amygdala and hippocampus we 
combined DTI tractography and functional connectivity analysis. We entered FA values as 
predictor for functional connectivity contrast images for each group separately to compare 
the relation between FA and functional connectivity between groups. To correct for age, 
gender and medication use these variables were included as covariates of no interest. Finally, 
we performed an exploratory analysis to investigate how this structure-function relation in 
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the MDD group correlated with depression severity. Therefore, we used a regression analysis 
with FA values, HAM-D scores, and their interaction as predictors for functional connectivity 
contrast images.  
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RESULTS
Patients

We included 18 MDD patients and 24 healthy control subjects (Table 1). For the MDD group 
4 males (22.2%) and 14 females (77.8%) were included, and for the healthy control group 8 
(33.4%) males and 16 females (66.6%). The MDD and healthy control group were comparable 
for age and intelligence. The mean HAM-D score for the MDD group was 19.2 with a range 
between 15 and 26, which reflects a moderate to severe depression. Six MDD patients were 
taking psychotropic drugs during the time of scanning (SSRI n=4; TCA n=2). None of the MDD 
and control subjects had excessive head movement (>3mm), therefore all subjects were 
included for further analyses.  

TABLE 1. CLINICAL AND DEMOGRAPHIC CHARACTERISTICS OF PATIENTS AND HEALTHY CONTROLS.

MDD (n=18) Healthy Control (n=24)
Between group

Comparisons

Age (SD) 44.6 (10.4) 40.2 (13.1) 0.251

Gender (male/female) 4/14 8/16 0.262

Handedness (right/left) 17/1 23/1 0.802

HAM-D 19.17 (3.9) 1.04 (1.33) <0.051

HAM-A 13.5 (5.17) 0.54 (0.78) <0.051

Medication use, yes/noa 7/11 0/24 <0.052

IQ 105.89 (7.12) 111.46 (7.0) 0.151

Abbreviations: MDD; major depressive disorder, HAM-D; Hamilton Depression Rating Scale, HAM-A; Hamilton 
Anxiety Rating Scale, IQ; Intelligence Quotient, SD; Standard Deviation.  
a Use of Selective Serotonin Reuptake Inhibitor (SSRI; n=4) or tricyclic antidepressivum (TCA; n=2).
1 Independent T-test, p-value
2 Chi-Square, p-value 

Structural connectivity analysis

The repeated measure GLM analysis of the mean fractional anisotropy values of the four 
parts of left and right uncinate fasciculus showed a significant group × location interaction 
(p=0.047) with no significant group × side × location interaction (p=0.794). Therefore, we 
averaged the left and right uncinate fasciculi fractional anisotropy values to explore the 
group differences for further analysis. In addition, age, gender and medication use did not 
significantly influence fractional anisotropy values. 

To examine which part of the uncinate fasciculus showed differences in fractional 
anisotropy values between MDD and controls we performed post-hoc t-tests. This analysis 
showed only significant different fractional anisotropy values in the second part of the 
uncinate fasciculus in the comparison between MDD and control (p=0.010) (Figure 1 and S3). 
The mean fractional anisotropy values in this second part of the tract were lower for the MDD 
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subjects (0.43) than for controls (0.46) (Figure 1). The exploratory correlation analysis between 
uncinate fasciculus structural connectivity and depression severity showed no association 
between HAM-D scores and fractional anisotropy values of each part. In conclusion, these 
results demonstrate reduced integrity of the uncinate fasciculus between the subgenual ACC 
and MTL in MDD, suggesting that individuals with MDD have decreased structural connectivity 
between these regions. 
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Figure 1. This figure shows the mean fractional anisotropy (FA) values and standard error of the mean (SEM) of 
each part of the uncinate fasciculus for both the control and MDD group (A-D). A Post-hoc T-test showed that 
only values in the second part were significantly different between MDD and healthy controls (p=0.010).  A) Mean 
FA values in the first part were 0.349 (0.01) for the MDD subjects and 0.35 (0.01) for controls. B) Mean FA values in 
the second part were 0.43 (0.03) for the MDD subjects and 0.46 (0.01) for controls. C) Mean FA values in the third 
part were 0.42 (0.01) for the MDD subjects and 0.416 (0.01) for controls. D) Mean FA values in the fourth part were 
0.36 (0.01) for the MDD subjects and 0.365 (0.01) for controls. 

Functional connectivity analysis

The functional connectivity analysis demonstrated significant increased functional 
connectivity between the subgenual ACC and left amygdala (p=0.043), right amygdala 
(p=0.039) and right hippocampus (p=0.009) in MDD relative to healthy controls (all values 
FWE-corrected) (Table 2, Figure 2). Furthermore, a whole brain analysis also showed 
significant increased functional connectivity of the subgenual ACC with left and right OFC, 
right thalamus, right parahippocampus and right middle frontal gyrus in MDD relative to 
healthy controls (all values FWE p<0.05) (Table 2). Age, gender and medication use did not 
significantly influence these results. The exploratory correlation analysis between subgenual 
ACC functional connectivity and depression severity showed a positive association  between 
HAM-D scores and subgenual ACC functional connectivity with right hippocampus (p=0.015) 
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and right amygdala (p=0.007) (FWE p<0.05). Correcting for medication use by including 
a covariate of no interest did not alter these results (functional connectivity with the right 
hippocampus p=0.025, and right amygdala p=0.012). In summary, these results show 
abnormally increased functional connectivity between ventral regions of the frontolimbic 
network in MDD, which is positively correlated with depression severity and remained 
significant after statistical correction for medication use.

TABLE 2. SEED REGION FUNCTIONAL CONNECTIVITY ANALYSIS BETWEEN SUBGENUAL ACC, MTL 
AND OTHER REGIONS.

Analysis Regions of significant 

clusters 

Side BA MNI coordinates

(x, y, z)

Statistics

(p- values)

MDD > 

control 

Hippocampus 

Hippocampus 

Amygdala

Amygdala

OFC

OFC

Subgenual ACC

Middle occipital gyrus

Thalamus

Parahippocampal gyrus

Superior temporal gyrus

Middle frontal gyrus 

Left

Right

Left

Right 

Left

Right

Left

Right

Right

Right

Left

Right

11

11

18

8

-26,  -12,  -22

26, -12,  -22

-22,   -8,   -22

26,  -4,   -26

-34,  40,  -18

42,  32,  -18

-6, 20, -10

38,  -84,  -14

18,  -28,  10

34,  -40,  -10

-54, 12, -14

46,  24,  46

0.200*

0.009*

0.043*

0.039*

 0.000**

 0.001**

 0.000**

 0.003**

 0.007**

 0.007**

 0.008**

 0.012**

Abbreviations: subgenual ACC; subgenual anterior cingulate cortex, MDD; major depressive disorder, MNI; 
Montreal Neurological Institute, FWE; family wise error. BA; Brodmann Area.
* Small volume correction, FWE corrected p<0.05
** Whole brain analysis, FWE corrected p<0.05

 

 
Figure 2. Seed region functional connectivity analysis with subgenual ACC as ROI showed (in red) significant 
increased functional connectivity between the subgenual ACC and left amygdala (p=0.043), right amygdala 
(p=0.039) and right hippocampus (p=0.009) in MDD relative to healthy controls (all values FWE-corrected). The 
figure illustrates the effects with a height threshold of p<0.001 uncorrected (MNI coordinates of planes are; x= 
29 and y=-6).  
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Relation between structural and functional connectivity

Because the structural connectivity analysis showed significant differences in fractional 
anisotropy values only in the second part of the uncinate fasciculus between MDD and control 
(Figure S3), this second part of the tract was used to examine the relation between structural 
and functional connectivity. In MDD patients, we found stronger negative correlations between 
uncinate fasciculus fractional anisotropy and subgenual ACC functional connectivity with the 
left (p=0.018) and right hippocampus (p=0.023), relative to healthy controls (Table 3). In fact, 
in MDD a significant negative correlation existed between fractional anisotropy values and 
subgenual ACC functional connectivity with left (p=0.018) and right hippocampus (p=0.021) 
(Table 3, Figure 4A), while no significant association in healthy controls was found (Table 3, 
Figure 4B). Age, gender and medication use did not significantly influence the results (FA-FC 
correlation was associated with the right hippocampus). We finally performed an exploratory 
analysis to investigate how the structure-function relation in the MDD group correlated with 
depression severity. We found a borderline significant positive correlation (p=0.054) between 
HAM-D scores and the association between subgenual ACC – right hippocampus functional 
connectivity and uncinate fasciculus fractional anisotropy. This suggests that increasing 
levels of depression severity are associated with a stronger negative structure-function 
relation.

In summary, these results demonstrate that reduced integrity of the uncinate 
fasciculus is associated with increased functional connectivity between subgenual ACC 
and bilateral hippocampus in MDD. This structure-function relation was stronger in more 
depressed patients. 

TABLE 3. RELATION BETWEEN FRACTIONAL ANISOTROPY VALUES OF THE SECOND PART OF THE 
UNCINATE FASCICULUS AND SUBGENUAL ACC FUNCTIONAL CONNECTIVITY WITH THE MTL.  

Analysis Regions of significant 

clusters 

Side MNI coordinates

(x, y, z)

Statistics

(p- value

FWE corrected)

Interaction 

Healthy Controls 

relative to MDD 

Hippocampus 

Hippocampus

Amygdala

Amygdala 

Left

Right

Left

Right

-30  -24  -10

30  -24  -10

-18  -4  -14

30  0  -22

0.018

0.023

0.267

0.376

Negative

correlation in 

MDD

Hippocampus 

Hippocampus

Amygdala

Amygdala 

Left

Right

Left

Right

-30  -28  -10

30  -24  -10

-18  -8  -14

18  -8  -14

0.018

0.021

0.311

0.432
Abbreviations: subgenual ACC; subgenual anterior cingulate cortex, MDD; major depressive disorder, MNI; 
Montreal Neurological Institute, FWE; family wise error.  
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 Figure 3. Negative correlation between fractional anisotropy values of the second part of uncinate fasciculus 

and the subgenual ACC functional connectivity with bilateral hippocampus in MDD. Brain images show negative 
correlations in blue between fractional anisotropy values of the second part of the uncinate fasciculus with 
functional connectivity between the subgenual ACC and left (p=0.018) and right (p=0.021) hippocampus 
(all values small volume FWE-corrected). The figure illustrates the effects with a height threshold of p<0.001 
uncorrected (MNI coordinates of planes are; x=29 and y=-26). 
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Figure 4. Correlation between fractional anisotropy values and subgenual ACC functional connectivity with 
hippocampus in MDD and controls. (A) MDD-patients: Significant negative correlation between fractional 
anisotropy values of the second part of the uncinate fasciculus and functional connectivity between the 
subgenual ACC and left (p=0.018, FWE corrected) and right (p=0.021, FWE corrected) hippocampus. (B) Healthy 
controls: No significant correlation (p>0.05) between fractional anisotropy values of second part of uncinate 
fasciculus and the functional connectivity between subgenual ACC and left and right hippocampus.
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DISCUSSION

Our multimodal approach provides important insights into the relationship between the 
anatomical connectivity and the functional organization within the frontolimbic network of 
patients with MDD. We identified a negative correlation between uncinate fasciculus integrity 
and functional connectivity between the subgenual ACC and the hippocampus in MDD 
patients, but not in controls. Furthermore, both the functional connectivity analysis and the 
structure-function association were positively correlated with depression severity. 

The present study showed decreased fractional anisotropy of the second part of 
the uncinate fasciculus in MDD relative to healthy controls, which reflects reduced structural 
integrity of this white matter tract connecting areas of the frontolimbic network (10,11). 
These results are corroborated by several DTI studies in MDD which also demonstrated 
reduced white matter integrity within this network. Studies specifically performing DTI 
analyses of the uncinate fasciculus reported reduced fractional anisotropy of this white 
matter tract in adolescent (3) and geriatric (55) depression as well as in MDD patients carrying 
the Val66Met brain derived neurotrophic factor (BDNF) polymorphism compared to MDD 
patients homozygous for the val-allele and controls carrying the met-allele (12). Studies 
which performed whole brain DTI analyses reported reduced fractional anisotropy within the 
frontolimbic network in MDD relative to controls (56,57) and in geriatric depression relative 
to healthy controls (58-60). 

Furthermore, we demonstrated increased functional connectivity between 
subgenual ACC and amygdala, hippocampus, OFC and thalamus in MDD relative to controls 
during a facial affect paradigm. In line with these results both task based and resting 
state studies reported abnormal functional connectivity within the frontolimbic network 
(4,6,17,19,61-63). A recent study reported increased functional connectivity between the 
amygdala and the subgenual ACC in MDD relative to healthy controls during a face matching 
task which is in line with the present findings (6). In resting state scans, increased functional 
connectivity of the subgenual ACC and thalamus was demonstrated in MDD (4) as well as 
increased functional connectivity of the ventral ACC and medial OFC (61). These studies 
together with the present findings suggest increased functional connectivity within ventral 
areas of the frontolimbic network in MDD. However, decreased functional connectivity within 
the ventral network has also been reported (19). These functional abnormalities may underlie 
the increased sensitivity to negative emotional stimuli and the difficulty in disengaging from 
them, which is contained in the construct of negative bias in depression (64,65). Conversely, 
other studies in MDD reported decreased functional connectivity between more dorsal areas 
of the frontolimbic network compared to subcortical and limbic areas within the frontolimbic 
(63,66-68). This suggests that functional connectivity patterns depend on the specific location 
within the frontolimbic network.   

Interestingly, the present results suggest that increased functional connectivity 
during affective processing in MDD within the frontolimbic, as reported previously (4,17,69) is 
associated with reduced structural connectivity between the subgenual ACC and MTL. This is 
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corroborated by two preliminary studies in geriatric depression which reported a comparable 
pattern that decreased white matter integrity is related to functional connectivity (28,29), 
although those studies did not compare patients to healthy controls, which is a strength of 
the present investigation. 

It is unclear how the relation between structural and functional connectivity must 
be understood. We propose two potentially complementary mechanisms. First, the most 
obvious explanation is that structural abnormalities of the uncinate fasciculus itself lead 
to increased functional connectivity between the subgenual ACC and hippocampus. This 
is in line with studies which showed that reduced hippocampal volume (70) and reduced 
hippocampal gray matter density (71) are associated with the duration of depression, i.e. that 
structural abnormalities might represent a trait factor and lead to both clinical and functional 
changes that represent state factors (72,73). The increased functional connectivity within 
these ventral regions of the frontolimbic network can be explained by an abnormal increase 
in activity and related functional connectivity within the ventral limbic system. This might be 
a result of decreased structural connectivity, i.e. a temporary increase, in order to maintain 
the pathologically increased functional connectivity within this network. Hyperactivity of the 
ventral limbic regions has often been reported in MDD (6,17). At last, our study showed that 
more severe depression was associated with a stronger negative structure-function relation. 
This suggests that with increasing depression severity, structural abnormalities lead to more 
pronounced compensatory changes in functional connectivity within the ventral frontolimbic 
regions. However, since only functional connectivity changes were related to HAM-D scores 
but not structural connectivity changes, the association between the structure-function 
changes and depression severity may be the result of these functional changes.      

As a second explanation, increased functional connectivity itself may lead to 
structural white matter changes. It was recently reported that in healthy subjects white 
matter integrity changed over time, as a consequence of learning (74). Increased fractional 
anisotropy in white matter underlying the intraparietal sulcus was also reported following 
training of a visual-motor skill (75). After working memory training, increased structural 
integrity of white matter in the parietal regions and white matter adjacent to the body of the 
corpus callosum was observed (76). With respect to MDD, a recent meta-analysis reported 
that longer and more severe untreated depressive episodes seemed to be associated with 
more impaired structural connectivity of the superior longitudinal fasciculus, as measured 
by larger decreases in fractional anisotropy (8). In addition, Greicius et al. reported that 
increased functional connectivity of the subgenual ACC was positively correlated with the 
length of the current depressive episode (4). Taken together, these findings lead to the 
speculative hypothesis that a prolonged depression episode leads to increased functional 
connectivity, which might subsequently lead to decreased white matter integrity. Together 
with the clinical observation that in more chronic MDD it is more difficult to reach remission 
(77), this hypothesis might address a vicious circle leading to treatment resistance. However, 
whether increased functional connectivity itself leads to structural white matter changes 
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through prolonged abnormally increased signal transmission or vice versa, can only be 
tested in longitudinal designs or by comparisons of patients with low and higher levels of 
chronicity, or, as a proxy, treatment resistant depression (78).

An underlying mechanism that could explain the development of white matter 
abnormalities in MDD may be that impaired negative feedback control of the hypothalamic-
pituitary-adrenal (HPA) axis results in elevated cortisol levels in MDD (79). Prolonged exposure 
to elevated glucocorticoids levels (including cortisol) during a depressive episode is thought 
to result in neurotoxic hippocampus volume reduction (80,81,81,82). Indeed, a recent DTI 
study in macaques showed that neurotoxic hippocampus lesions induced by n-methyl-d-
apartic acid (NMDA) lead to alterations in integrity of white matter tracts of the fornix and 
white matter in the region of the ventromedial prefrontal cortex (83). Although not as toxic 
as NMDA, it might be possible that apart from grey-matter damage, increased cortisol levels 
might also lead to white matter abnormalities in MDD, which merits further investigation. 

A potential limitation of this study is the use of psychotropic medication in seven 
MDD subjects. Several studies showed decreased metabolism and activity of limbic regions 
following treatment (15,84,85). At present, the effects of antidepressant on the functional 
connectivity of these ventral areas of the frontolimbic network are unknown. However, 
we demonstrated only small differences in subgenual ACC functional connectivity with 
the MTL as well as in the structure-function relation while controlling for medication use. 
Furthermore, by directly assessing the influence of medication use on the parameters of 
interest we observed no significant association between medication use and both functional 
connectivity analyses and the structure-function relation, which might also be due to limited 
statistical power. 

In conclusion, this study shows that decreased integrity of the uncinate fasciculus 
is associated with increased functional connectivity between the subgenual ACC and MTL 
in MDD during affective processing. Although it is yet not clear how the relation between 
structural and functional connectivity must be understood, the most obvious explanation is 
that the functional abnormalities observed in MDD are mediated by the underlying structural 
abnormalities. Because no associations were found in healthy controls, we think this relation 
is specific for MDD. Finally, a stronger negative structure-function relation was positively 
associated with increasing levels of depression severity, which suggests a more pronounced 
compensatory increased functional connectivity within the frontolimbic in severe MDD as a 
result of decreased uncinate fasciculus integrity.  
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SUPPLEMENTARY FIGURES

Figure S1. For diffusion tensor imaging fiber tracking of the uncinate fasciculus, two regions of interest (ROIs) 
were placed in the most posterior coronal slice where the temporal and frontal lobes are separated. All fibers in 
the temporal lobe were included in the first ROI (1) and the entire projections of these fibers to the frontal lobe 
were distinguished with a second ‘AND’ ROI (2).

Figure S2. A saggital view of a reconstructed uncinate fasciculus tract overlaid on a fractional anisotropy image 
color-coded for orientation. Fiber tracking was performed using DTI studio. (9). 

Figure S3. This figure shows the population averaged and segmented left and right uncinate fasciculi in 
transparent red. The circles correspond to the population average fiber: starting with the blue circles in the 
medial temporal lobe and ending with the red circles in the orbitofrontal cortex (OFC). These points along left 
and right uncinate fasciculus were divided into four parts per side (a-d (left), e-h (right)). The first part (a and e) 
contains fibers running from medial temporal lobe to first part of the curve. The second part (b and f) contains 
fibers running through the second part of the curve and the third part (c and g) contains fibers connecting the 
anterior cingulate cortex with the OFC. The fourth part contains only fibers connecting to the OFC (d and h). 
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ABSTRACT

Background: Approximately one third of patients with major depressive disorder (MDD) 
do not achieve remission after various treatment options and develop treatment resistant 
depression (TRD). So far little is known about the pathophysiology of TRD. Studies in MDD 
patients showed aberrant functional connectivity (FC) of three ‘core’ neurocognitive networks: 
the salience network (SN), cognitive control network (CCN) and default mode network (DMN). 

Methods: We used a cross-sectional design and performed resting state functional 
connectivity MRI to assess connectivity of the SN, CCN and both anterior and posterior DMN 
in 17 severe TRD, 18 non-TRD and 18 healthy control (HC) subjects. 

Results: Relative to both non-TRD and HC subjects, TRD patients showed decreased FC 
between the dorsolateral prefrontal cortex and angular gyrus which suggests reduced FC 
between the CCN and DMN, and reduced FC between the medial prefrontal cortex and 
precuneus/cuneus which suggests reduced FC between the anterior and posterior DMN. No 
significant differences in SN FC were observed. 

Discussion: Our results suggest that TRD is characterized by a disturbance in neurocognitive 
networks relative to non-TRD and HC. 
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INTRODUCTION

About one third of patients with major depressive disorder (MDD) do not respond to two 
or more adequate prescribed antidepressants. They are considered to be suffering from 
treatment resistant depression (TRD) [1,2] which is associated with an overall worse 
prognosis and higher medical costs [3]. Only few neuroimaging studies have investigated the 
neural mechanisms underlying TRD, mostly focusing on regional brain activity and yielding 
equivocal results [4,5]. The investigation of network dysfunction in TRD can be guided by its 
investigation in the larger group of MDD, which has been studied more extensively. MDD has 
typically been associated with functional brain abnormalities including aberrant functional 
connectivity (FC) between distant brain areas [6-9]. FC analysis quantifies the temporal 
correlation of neuronal activity patterns of anatomically separated brain regions [10,11] 
and can be used to investigate the interaction within and between brain networks. Several 
studies showed aberrant functional connectivity within and between the salience network 
(SN) [12,13], cognitive control network (CCN) [12] and default mode network (DMN) [7,8,12] 
in depressive patients. 

The salience network comprises the anterior insular cortex and dorsal anterior 
cingulate cortex (ACC), which serves to evaluate the relevance of internal and external stimuli 
in order to generate appropriate responses and guide behavior [14]. The anterior insula 
within the SN is critically involved in maintaining and updating representations of current and 
predictive salience [15]. Particularly, the right anterior insula has been suggested to critically 
contribute to appropriate behavioral responses to salient stimuli via switching between 
DMN-related self-referential and CCN-related goal directed cognitive activity [16]. The CCN 
includes the dorsolateral prefrontal cortex (DLPFC) and pregenual ACC [17,18], which is 
associated with top-down modulation of attention and regulation of the affective response 
[19,20]. The DMN comprises both the posterior cingulate cortex (PCC) and medial prefrontal 
cortex (MPFC) as core areas [21,22] as well as the precuneus and temporo-parietal cortices. 
The DMN underlies the mental process of introspection – the mind turning inward as it 
moves away from externally focused thoughts [23-25]. One study investigating the functional 
connectivity between these networks showed decreased FC between the DMN and CCN as 
well as increased connectivity between the SN and DMN in MDD relative to HC [12]. However, 
another independent component analysis (ICA) study in adolescent depression, could not 
replicate this abnormal connectivity between the DMN and CCN [26]. Furthermore, within 
the SN decreased FC was found in the left and right anterior insula, as well as increased FC in 
the left and right ACC in MDD patients, and, within the DMN, increased FC in the precuneus 
[12]. Other studies investigating DMN functional connectivity showed increased connectivity 
of anterior regions of the DMN (including the MPFC and ACC) in MDD patients [27,28]. Within 
posterior regions of the DMN (including the PCC and precuneus) increased connectivity was 
demonstrated [8,27,29], but decreased connectivity of posterior DMN regions has also been 
reported [28]. Furthermore, a granger causality analysis showed decreased connectivity 
between anterior and posterior DMN regions in MDD patients relative to HC [29]. 
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Regarding TRD, limited knowledge of these networks and their function exists. Two 
FDG-PET studies showed decreased metabolism of prefrontal and DMN areas in TRD patients 
relative to non-TRD patients including the DLPFC, dorsal ACC, premotor cortex and insula. 
In contrast, higher metabolism in the uncus, left amygdala and subgenual ACC were found 
[30,31]. In TRD relative to HC, Mayberg et al. showed a similar pattern of increased metabolism 
of the subgenual ACC and decreased metabolism of the DLPFC, dorsal ACC, premotor cortex 
and insula [32]. Based on these findings, a neurobiological model can be defined, in which 
both TRD and non-TRD are characterized by DMN, CCN and SN abnormalities. Hypothetically, 
these abnormalities are more profound in TRD compared to non-TRD patients, given the 
fact that TRD subjects are more severely affected. One resting state fMRI study investigated 
functional connectivity between resting state networks in TRD, and showed decreased 
connectivity in several networks including the SN, CCN and DMN in comparison to HC [33]. 
This pattern was similar to that of non-TRD patients, though a direct comparison between 
TRD and non-TRD showed relative sparing of the salience network in TRD. However, this 
study included patients with relatively mild TRD, i.e. patients not responding to two different 
modern antidepressants, which may explain why there were little connectivity differences 
between the TRD and non-TRD group. Although non-response to two different modern 
antidepressants is the formal definition of TRD [34], patients may subsequently respond to 
treatment with an irreversible monoamine oxidase (MAO) inhibitor or after electroconvulsive 
therapy (ECT). Patients that do not respond to all those forms of treatment can be considered 
more severely treatment resistant, but even less is known about the pathophysiology of this 
specific group of patients. 

In the present study we used a cross-sectional design to investigate functional 
connectivity of the three neurocognitive networks (SN, CCN and DMN) in a group of severe 
TRD patients who had not responded to at least four different antidepressants and ≥6 
sessions of bilateral electroconvulsive therapy (ECT, given at least 3 months before scanning). 
We hypothesized that severe TRD would be associated with reduced functional connectivity 
in comparison to non-TRD patients and HC. 
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METHODS
Subjects

TRD and non-TRD patients were recruited at the Departments of Psychiatry of the Academic 
Medical Center (AMC) in Amsterdam and St. Elisabeth Hospital in Tilburg, The Netherlands. 
HC were recruited via advertisements. The study was approved by the Medical Ethical 
Committees of both hospitals and all subjects provided written informed consent. The TRD 
and non-TRD patients originally participated in a study on deep brain stimulation (DBS 
study) and one on recurrent depression (DIADE study) respectively. General inclusion criteria 
in both studies, and hence for both MDD groups were: (i) age between 18 and 65 years; (ii) 
total score on Hamilton Depression Rating Scale (HAM-D) ≥18; (iii) primary diagnosis of MDD 
according to the DSM-IV criteria and assessed by the SCID (Structured Clinical Interview for 
DSM-IV disorders) [35]. In the DBS study the most severely treatment resistant patients were 
selected and were only included with an illness duration of >2 years, and not responding to 
(i) at least two adequate treatments of two different modern antidepressants (SSRI, SNRI or 
NaSSA), AND (ii) a tricyclic antidepressant, AND (iii) an irreversible monoamine oxidase (MAO) 
inhibitor, AND (iv) at least 6 sessions of bilateral ECT. In the DIADE study, only medication-free 
patients with a history of at least two major depressive episodes with remission in between 
(either spontaneously or with treatment) were included;  these patients were considered 
as non-TRD. Furthermore, patients from the DIADE study were excluded when they did not 
achieve remission during a follow up period of 2.5 years after scanning. Exclusion criteria 
in both studies, were: (i) Parkinson’s disease, dementia or epilepsy; (ii) bipolar disorder; (iii) 
schizophrenia or a history of psychosis unrelated to MDD; (iv) alcohol or substance abuse 
during last 6 months; and (v) antisocial personality disorder. HC were screened by the SCID. 
None of the healthy participants reported a family history of psychiatric illness. Half of the HC 
were derived from the DBS study, and the other half from the DIADE study.

The HAM-D scale [36] was used to quantify depression severity, the International 
Standard Classification of Education 1997 (ISCED-1997) [37] to classify education level and 
the Maudsley Staging Method (MSM) to quantify the level of treatment resistance [38,39]. 
The MSM score includes various clinical parameters; duration of the current depressive 
episode, symptom severity and level of functioning as measured by the Global Assessment 
of Functioning score (GAF). For a complete list of these clinical variables we refer to Fekadu 
et al [38].    

Study design  

We used a cross-sectional study design in which patients from both MDD groups were scanned 
during their current depressive episode at the moment they met the inclusion criteria. 
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MRI data acquisition

All resting-state and structural MRI data were acquired on a 3.0 Tesla MRI scanner (Philips 
Intera, Philips Medical Systems, Best, the Netherlands) in the AMC, with body coil excitation 
and an 8-channel SENSE head coil. The head was held in place with a headphone and foam-
pads. For the functional resting-state scan the following parameters were used: echo time 30 
ms, repetition time 2300 ms, flip angle 80°, matrix 96x96, number of slices 35, slice gap 0 mm, 
slice thickness 3mm, ascending slice order, field of view 220x220 mm2, voxel size 3x2.29x2.29 
mm3, SENSE factor 2. In total 200 volumes were acquired with a total duration of 7 minutes 
and 51 seconds. The resting-state fMRI scans of the non-TRD group and 9 HC subjects were 
acquired with identical parameters except for the number of slices (40), leading to differences 
in brain coverage. To ensure identical brain coverage for data analysis, an inclusive mask was 
used that only included data that were present in all subjects. For anatomical co-registration 
a 7-minute T1-weighted structural image was acquired. TRD patients and one half of controls 
had their eyes open during scanning whereas the non-TRD patients and the other half of 
controls had their eyes closed. 

fMRI data analysis

Statistical Parametric Mapping (SPM8, Wellcome Trust Centre for Neuroimaging, London, 
United Kingdom; http://www.fil.ion.ucl.ac.uk/spm/software/SPM8) was used for the following 
preprocessing steps: realignment to correct for subject motion; slice timing; coregistration of 
functional and structural data; spatial normalization into standard stereotactic space using 
a template from the Montreal Neurological Institute (MNI) and resampling to 4mm isotropic 
voxels; smoothing of data with an 8mm Gaussian kernel. The realignment parameters were 
inspected to ensure minimal head movement during scanning. Movement was limited to 
<3mm in any direction (1 slice thickness), so all data could be used for analysis. 

Functional connectivity analysis

We performed seed region functional connectivity analyses to investigate network 
connectivity. The Resting-State fMRI Data Analysis Toolkit (REST) software package (http://
resting-fmri.sourceforge.net) was used for the functional connectivity analysis. For each 
network we selected one seed region (eFigure 1). Within the SN we selected the anterior 
insula, which is a core area within this network [15,40]. It was defined as two separate 
spherical seed ROIs (radius= 4 mm) for the left (-32, 24, -6 mm) and right anterior insula (37, 25, 
-4 mm) on the basis of a previous study, showing that this region initiates switching between 
the CCN and DMN [16]. Within the CCN we selected the DLPFC as seed region, which has 
consistently shown decreased task-related activity in MDD [23,25]. In line with a key resting 
state functional connectivity study in MDD, we defined two separate spherical seed regions 
(radius= 4 mm) for the left and right DLPFC (+/- 36, 27, 29 mm) [9]. Within the DMN both the 
PCC and MPFC were selected as seed regions since they are core areas within posterior and 
anterior parts of this network [21,22]. Following the resting state studies by Fox et al. [22] and 
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Biswal et al [41], we defined the MPFC as a sphere (radius=4mm) around coordinate (-1, 47, 
-4 mm) based on a previous meta-analysis of network activation during rest  [42]. For the 
definition of the PCC, we used the peak coordinates (-2, -51, 27 mm with radius = 4 mm) from 
a study that showed that the DMN is composed of distinct subunits [43].  

Using REST, the linear trend of the MRI time series of each subject was removed 
and data were filtered with a bandpass filter between 0.01 and 0.08 Hz. Next, we derived 
estimates of white matter and cerebrospinal fluid fluctuations as well as head movement to 
include in the regression analyses. Voxel-wise correlation analyses were performed between 
each seed region and the rest of the brain. The correlation coefficients in each voxel were 
transformed to Z-scores using the Fisher r-to-z transformation to adjust the variance of 
correlation coefficients for group level comparisons. Fisher’s Z-scores of each subject were 
entered in a second level analysis to determine the differences in FC between the TRD, non-
TRD and control group within a study-specific brain mask. All statistical tests were family 
wise error (FWE) rate corrected (p<0.05) for multiple comparisons at the cluster level (using 
a cluster-forming threshold of p<0.005 uncorrected) across the entire brain. We first tested 
the main effect of group with an exploratory F-test using the non-stationary toolbox for SPM 
to acquire results on the cluster-level with stationarity assumption (http://fmri.wfubmc.edu/
cms/software#NS). Then for each significant cluster post-hoc T-tests were performed to 
investigate differences between the following groups: TRD versus non-TRD, TRD versus HC 
and non-TRD versus HC. In addition to these primary analyses, we investigated the potential 
effect of age and gender by including these variables as covariates of no interest in the 
analysis. 

Reference functional connectivity analyses

To investigate the specificity of the functional connectivity analyses we additionally 
performed a reference connectivity analysis with the left and right primary motor cortex 
using similar methodology. Coordinates from Geyer et al [44] were used to define spherical 
(radius=4mm) seed regions for left (-22,-30,64)  and right (21,-30,65) motor cortex. In addition, 
to ensure that the connectivity analyses from the SN, CCN and DMN as well as the motor 
cortex connectivity analysis could not be explained by the methodological differences, we 
performed two additional connectivity analyses: (I) comparison between the TRD-group and 
those HC who were investigated with identical scanning protocol and instructions; and (II) a 
connectivity analysis from a white matter seed region. To this end, a spherical seed region 
(-20, 20, 26mm) with a radius of 2mm was defined by use of the WFU-Pickatlas [45,46].    
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RESULTS 
Patient characteristics

We included 17 TRD patients, 18 non-TRD patients and 18 HC subjects (Table 1). The TRD, 
non-TRD and HC group were not significantly different regarding age (p=0.40), sex (p=0.68) 
and education level (p=0.71). The mean ages of these groups were 52.5 (±9.3), 48.9 (±7.3) 
and 51.5 (±7.6), respectively. HAM-D scores were not significantly different (p=0.61) between 
the TRD and non-TRD group; mean HAM-D for the TRD group was 21.8 (±4.9) and 20.9 (±5.2) 
for the non-TRD group (corresponding with moderate-severe depression). All TRD patients 
used different psychotropic drugs at time of scanning whereas all non-TRD patients were 
free of medication during scanning. Mean MSM scores were 12.0 (±1.8) for the TRD and 5.6 
(±1.7) for the non-TRD group, which -as expected- indicates a more severe level of treatment 
resistance in the TRD group and a mild level of treatment resistance in the non-TRD group 
(p<0.01). Furthermore, the age of onset was not significantly different (p=0.30) between the 
TRD (32.2±13.9 years) and non-TRD group (28.2±8.3 years). By design, the duration of the 
current depressive episode and the number of past treatments were significantly higher in 
the TRD group (both p<0.01): 83.3 (±44.6) months and 6.5 (±2.7) treatments in TRD versus 11.9 
(±8.9) months and 1.8 (±2.6) treatments in MDD.

Resting-state networks

To probe the networks of interest, we assessed whole-brain voxel-wise positive correlations 
with the three seed ROIs (p<0.05 FWE corrected, Figure 1). These analyses showed that the 
CCN consisted of the DLPFC, dorsal ACC, caudate, and inferior parietal gyrus. The posterior 
and anterior DMN consisted of largely overlapping regions including the PCC, precuneus, 
angular gyrus, medial prefrontal cortex and parahippocampal gyrus. The SN consisted of 
bilateral anterior insula cortex, ventrolateral prefrontal cortex (VLPFC) and dorsal ACC.

Functional connectivity analysis

For the CNN with the right DLPFC seed, the main effect of group showed a significant cluster 
in the left angular gyrus (p=0.002). In this cluster, post-hoc tests showed decreased FC in 
TRD relative to non-TRD (p=0.003) as well as HC subjects, whereas no significant differences 
between non-TRD patients and HC were observed. These results therefore suggest decreased 
connectivity between the CCN and the DMN, specifically in TRD patients. Regarding the 
anterior DMN with the MPFC seed, the main effect of group showed a significant cluster 
in the cuneus/precuneus (p<0.001). Within this cluster, post hoc tests showed decreased 
connectivity in TRD relative to both non-TRD (p<0.001) and healthy control subjects whereas 
the comparison between non-TRD and healthy control subjects did not show significant 
differences. These results suggest decreased connectivity between the anterior and posterior 
parts of the DMN, again specifically in TRD patients (Figure 1, Table 1). The main effect of 
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group showed no significant differences in SN connectivity. Correcting for age and gender did 
not alter this pattern of results. 

To further ensure that the results could not be explained by methodological 
differences (eyes open/closed and the difference in number of slices), we compared the TRD 
group with a smaller number of HC who were investigated with identical scanning protocol 
and instructions. Similar to the results of the TRD versus all HC comparison, this TRD versus 
HC subgroup comparison showed decreased FC in the TRD patients between the right 
DLPFC and left angular gyrus (p=0.007, FWE corrected at cluster level). The results from the 
MPFC seed region also showed a similar pattern of decreased connectivity with the cuneus/
precuneus in TRD patients relative to these HC (p<0.005 uncorrected, k=21), but failed to 
reach significance when FWE correction for multiple comparisons was applied (p=0.854). 
Nevertheless, these findings suggest that the methodological differences between the non-
TRD and TRD group had little influence on the present results.    

TABLE 1. DEMOGRAPHIC AND CLINICAL CHARACTERISTICS OF TRD, NON-TRD AND HEALTHY 
CONTROLS SUBJECTS.

TRD

(n=17)

non-TRD 

(n=18)

Healthy Controls   

(n=18)

Between Group 

Comparison

(p-values)

Age (SD) 52.5 (9.3) 48.9 (7.3) 51.5 (7.6) 0.401

Gender (m/f) 8/9 6/12 8/10 0.682

HAM-D (SD) 21.8 (4.9) 20.9 (5.2) n.a. 0.611

Education level 

(median/IQR)

4/3 4/3 4/2 0.713

MSM-score (SD) 12  (1.8) 5.6 (1.7) n.a. <0.011

Medication use 17/17 4 0/18 n.a. <0.012

Duration of current 

episode in months 

(SD) 

83.3 (44.6) 11.9 (8.9) n.a. <0.011

Age of onset (SD) 32.2 (13.9) 28.2 (8.3) n.a. 0.301

Number of past 

antidepressant 

treatments

6.5 (2.7) 1.8 (2.6)* n.a. <0.011

Psychotherapy  

(yes/no)

15/2 18/0 n.a. <0.012

Abbreviations: TRD, treatment resistant depression; non-TRD, major depressive disorder subsequently 
responsive to treatment (see methods); HAM-D, Hamilton Depression Rating Scale; ISCED, International 
Standard Classification of Education; IQR, interquartile range; SD, standard deviation; m/f, male/female; MSM, 
Maudsley Staging Method.
1 One-way ANOVA
2 Chi-Square test
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3 Kruskal-Wallis test
4 Use of antidepressants at time of scanning in TRD patients: selective serotonin reuptake inhibitor (n=4), 
selective noradrenalin reuptake inhibitor (n= 2), tricyclic antidepressant (n=2), monoamine oxidase inhibitor 
(n= 2), and typical or atypical antipsychotics (n= 10).
* Two missing values in the non-TRD group
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Figure 1. Differences in resting state functional connectivity between treatment resistant depression, non-
treatment resistant depression and healthy controls. The yellow areas represent the networks of interest which 
were defined by whole brain voxel-wise correlations with the three different seed ROIs across groups: A) the 
salience network (SN) consisted of the anterior insula, dorsal ACC and ventrolateral prefrontal cortex B) the 
cognitive control network (CCN) consisted of the DLPFC, dorsal ACC, and inferior parietal gyrus. C) the posterior 
and anterior default mode network (DMN) consisted of overlapping regions including the PCC, precuneus, 
medial prefrontal cortex, middle temporal gyrus and parahippocampal gyrus.
 The blue areas represent the main effect of group, showing differences between the TRD, non-TRD 
and healthy control group. A) SN; The main effect of group shows no between group differences between the SN 
and both the CCN and DMN. B) CCN; the main effect of group shows decreased functional connectivity between 
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the right DLPFC and left angular gyrus between the three groups suggesting decreased connectivity between 
the CCN and the DMN. The spectrum plot visualizes specific decreases in connectivity in TRD patients relative 
to both non-TRD patients and healthy controls. C) DMN; The main effect of group shows decreased functional 
connectivity between the MPFC and the cuneus/precuneus between the three groups suggesting decreased 
connectivity between the anterior and posterior DMN. The spectrum plot again visualizes a specific decreased 
functional connectivity in TRD patients relative to both non-TRD patients and healthy controls. The panels 
illustrate the significant clusters at p<0.05 FWE corrected. The Z coordinates of the transversal planes are in 
Montreal Neurological Institute (MNI) space and the yellow areas are overlaid by the blue areas.

TABLE 2. FUNCTIONAL CONNECTIVITY ANALYSES IN COMPARISON BETWEEN TRD, NON-TRD AND 
HEALTHY CONTROLS.

Comparison Brain region MNI coordinates Cluster Size p*

x y z

Seed region: Right DLPFC

Main effect of group Left Angular gyrus -58 -56 34 141 0.002

   Non-TRD > TRD Left Angular gyrus

Right Angular gyrus 

-58

62

-56

-60

34

30

189

118

0.003

0.029

   Non-TRD > HC None 

   HC > TRD Left Angular gyrus -58 -52 30 213 0.002

Seed region: MPFC

Main effect of group Cuneus/precuneus 2 -84 30 365 <0.001

   Non-TRD > TRD Cuneus/precuneus

Left Superior parietal gyrus

10

-14

-88

-48

26

78

766

160

<0.001

0.005

   Non-TRD> HC None

   HC > TRD Cuneus/precuneus -6 -92 22 281 <0.001
Abbreviations: HC, healthy controls; TRD, treatment resistant depression; non-TRD, non-treatment resistant 
depression; MNI, Montreal Neurological Institute space coordinates. 
*Corrected for multiple comparisons with family wise error correction (FWE) on cluster level.

Reference functional connectivity analyses

We probed functional connectivity from the left and right primary motor cortex to assess 
whether the connectivity differences generalized beyond the neurocognitive networks. 
We observed a similar pattern of reduced FC in TRD patients relative to both non-TRD 
patients and HC between the right motor cortex and right superior temporal gyrus as well as 
between the left motor cortex and the left superior temporal gyrus. This suggests that TRD 
pathophysiology is not limited to abnormalities between the neurocognitive networks but is 
associated with a more widespread pattern of decreased resting state connectivity (eTable 
1). To ensure that the consistent pattern of reduced connectivity in TRD was not caused 
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by signal fluctuations that are of non-neuronal origin, we performed an additional control 
analysis with a white matter seed, even though the analyses already accounted for motion, 
white matter, and cerebral spinal fluid fluctuations. The main effect of group of the white 
matter functional connectivity analysis showed no significant differences between the TRD, 
non-TRD and HC group. This suggests that the network connectivity analyses from the three 
neurocognitive networks, as well as the motor cortex connectivity analysis are unlikely to be 
explained by any methodological differences or differences of non-neuronal origin. 
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DISCUSSION

This study supports the hypothesis that TRD is associated with reduced functional 
connectivity of neurocognitive networks in comparison to non-TRD patients and HC. Results 
showed decreased functional connectivity in TRD patients relative to both non-TRD patients 
and HC between (I) the anterior and posterior parts of the DMN; (II) the CCN and the posterior 
DMN, and (III) the motor cortex and superior temporal gyrus. 

The anterior and posterior DMN subsystems have previously been found to 
show altered functional connectivity in depression, associated with rumination and 
overgeneralization of autobiographical memory [28]. Furthermore, the connectivity between 
these two subsystems has been found to be reduced in depression [29]. Our results indicate 
that such disturbed interaction between these DMN subsystems is also present in TRD. It 
should be noted that, besides showing a dissociation between the DMN subsystems, these 
studies also found increased functional connectivity within these subsystems. We did not 
find any within-subsystem connectivity increases, which may be explained by the differences 
in applied methodology (ICA in the studies above versus seed-based analyses in our study). 
Furthermore, Greicius et al. found increased connectivity of the DMN with the subgenual ACC 
and thalamus [8]. One explanation for the discrepancy with our results may be the inclusion 
of psychotic MDD patients in the study by Greicius et al.: for example, previous research 
showed differences in subgenual ACC metabolism between psychotic and non-psychotic 
MDD subjects [47]. Second, connectivity decreases between the CCN and DMN have also 
previously been demonstrated in MDD [12,48], although increased connectivity has been 
found as well [9]. As described by Hamilton et al., increased DMN dominance over the task 
positive network (TPN, which the CCN can be considered to be part of) is associated with 
maladaptive rumination in MDD [49]. Decreased connectivity between the DMN and CCN 
in our TRD patients may related to DMN-TPN/CNN dominance and hence to depressive 
rumination. Third, we unexpectedly found decreased functional connectivity in TRD from the 
motor cortex seed region. Previous research using principal component analysis indicated a 
lack of segregation between regions involved in emotional, linguistic, DMN and also motor 
functions in depression, which was thought to represent the interconnection of affective 
disturbance with experience, cognition and behavior [50]. Speculatively, our finding of more 
widespread decreased functional connectivity in TRD may also reflect such interconnection.
 Surprisingly, the comparison between non-TRD patients and HC did not show 
any differences in functional connectivity in any of the three investigated networks. This 
was unexpected, since, as described above, several studies showed decreased functional 
connectivity within and between these neurocognitive networks in MDD [12,29,48]. However, 
several MDD patients in these studies used antidepressant medication at time of scanning. 
Despite their treatment, those patients were still depressed, suggesting that they might 
have been treatment resistant to some degree. Given the results of decreased connectivity 
of TRD compared to non-TRD in our study, inclusion of (partially) treatment resistant MDD 
patients might have led to the connectivity decreases found in these studies. At the same 
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time, this suggests that the relative lack of connectivity differences between our non-TRD 
and HC groups may be related to the non-medicated and non-resistance status of our non-
TRD patients, which could be important to address in future studies. 
Our results did not show differences in functional connectivity between the SN and both the 
CCN and DMN in TRD patients relative to non-TRD patients and HC. This suggests that the 
observed connectivity reductions that also extended to the motor network are nevertheless 
relatively specific and do not reflect a generalized reduction of functional connectivity in 
TRD. Another resting state functional connectivity study did show decreased connectivity 
between the insula and both the ACC and precuneus in TRD as well as in non-TRD patients 
relative to HC, suggesting decreased connectivity between the SN and the DMN in both 
depression groups [33]. However, in the direct comparison between TRD and non-TRD 
patients the SN network was relatively spared in TRD. This suggests that any SN alterations 
in TRD are at least relatively modest, which may explain the negative findings in our study.  
 Taken together, our findings suggest that MDD-related dysfunction of neurocognitive 
networks may be particularly important in TRD. This raises the question whether TRD is a 
distinct MDD-subtype, characterized by specific DMN and CCN connectivity abnormalities. 
Another question is whether decreased functional connectivity is already present at the 
onset of the first depressive episode or evolves over time, with TRD being the end-stage of 
a progressively deteriorating course. If the latter is the case, decreased connectivity may be 
a neural marker for staging and profiling the severity of the disease as well as a target for 
secondary prevention [38,39,51]. To answer these questions, longitudinal studies are needed 
with follow-up on treatment outcome, preferably accompanied by repeated scanning at 
different stages of the disease, starting during the first episode in medication-naïve patients. 
Moreover, further research is needed to investigate how decreased connectivity relates to 
depressive symptoms in TRD, e.g. by correlating connectivity with measures of rumination, 
autobiographical memory, or other clinical symptoms like anhedonia, cognitive impairments 
and psychomotor retardation. 
 This study is one of the first to investigate resting state functional connectivity in TRD 
and used a stringent correction for multiple comparisons to minimize the potential to report 
false positive results. However, this study also has particular methodological limitations that 
warrant further discussion. A first limitation is the presence of methodological differences 
in data acquisition between the TRD and non-TRD group  (35 versus 40 slices; eyes open 
versus eyes closed), which may have influenced the comparison between these two groups. 
Additional control analyses however suggest that those differences unlikely explain the 
observed results: (I) comparison between the TRD group and those HC investigated with 
the same scanning protocol and instructions yielded a similar pattern of results as the 
comparison between the TRD and complete HC group; (II) connectivity from a white matter 
seed did not show any significant differences between TRD, non-TRD and HC groups; (III) to 
account for differences in brain coverage between the two scanning protocols, we applied 
an inclusive mask that only included data present in all subjects; (IV) regarding the eyes 



CONNECTIVITY BETWEEN NEUROCOGNITIVE NETWORKS IN TREATMENT RESISTANT DEPRESSION

87

Ch
ap

te
r 4

open (TRD) versus the eyes closed (non-TRD) instructions, previous studies either found 
similar DMN connectivity maps [22,52] or increased DMN connectivity when eyes where open 
compared to closed [53,54]. Thus, if this instruction would nevertheless have influenced 
the results, it is expected that this would have resulted in reduced rather than enhanced 
differences between the TRD and both the non-TRD and HC group (i.e. with eyes closed the 
connectivity in the TRD group would have been lower).
 A second methodological limitation is that we used a repetition time of 2300ms. 
Although a shorter repetition time may be optimal for resting-state fMRI, this repetition time 
is comparable with many recent clinical resting-state fMRI studies (2200-2500ms) [9,26,55]. A 
third limitation concerns the difference in medication use: antidepressant medication was 
allowed in the TRD group, whereas the non-TRD group was medication-free at the time of 
scanning. Due to illness severity, TRD patients could not taper medication before scanning. 
Although statistical correction for medication use is often considered, this was not possible 
in our study, since the TRD group included only medicated patients, whereas the non-TRD 
group included only medication-free patients. As antidepressant medication has been found 
to increase functional connectivity between ACC and limbic areas in depressive patients and 
normalizes DMN dysfunction [56,57], we assume that antidepressants in the present TRD 
group also may have partly normalized abnormal between network functional connectivity. 
Therefore, we expect that antidepressant use might only have reduced the differences between 
the TRD and both the non-TRD and HC group, which were still identified. Nevertheless, our 
assumption of normalizing effects of antidepressants is challenged by studies of prolonged 
antidepressant administration in HC, which appeared to decrease functional connectivity 
[58,59]. Therefore, no definite conclusions about the effects of medication in this study can 
be drawn, which warrants further investigation. 
 In conclusion, this study supports the hypothesis that severe TRD is characterized by 
a dysfunction of neurocognitive networks compared to non-TRD and HC, including decreased 
functional connectivity between the CCN and the DMN, as well as decreased connectivity 
between the anterior and posterior parts of the DMN. However, considering the present 
methodological limitations, our findings need replication by future research. Furthermore, 
longitudinal studies are needed to investigate how functional connectivity abnormalities 
in TRD evolve over time and to answer the question whether these abnormalities are a 
reflection of disease progression or initial abnormalities relative to non-TRD. Eventually, we 
may be able to map the risk of the development of TRD early, which might signal a ‘window 
of opportunity’ for strategies to defer the fate of chronic suffering of TRD-patients. 
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SUPPLEMENTARY FIGURES AND TABLES 
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A. 

D. 

B. 

eFigure 1. Seed regions that were used to probe the different networks of interest. a) salience network (SN) 
with left (-32, 24, -6 mm) and right anterior insula (37, 25, -4 mm) [16]. b) cognitive control network (CCN) with 
left and right dorsolateral prefrontal cortex (+/-36, 27, 29 mm) [9]. c) posterior default mode network (DMN) with 
posterior cingulate cortex (-2, -51, 27 mm) [43]. d) anterior default mode network (DMN) with medial prefrontal 
cortex (-1, 47, -4 mm) [60] (all coordinates in MNI space). 

eTABLE 1. FUNCTIONAL CONNECTIVITY ANALYSIS WITH BILATERAL MOTOR CORTEX AS SEED 
REGION IN COMPARISON BETWEEN TRD, NON-TRD AND HEALTHY CONTROLS.  

Comparison Brain region MNI coordinates Cluster Size p*

x y z

Seed region: Right motor cortex

F-test Right Superior temporal gyrus 66 4 6 107 0.010

   Non-TRD > TRD Right Superior temporal gyrus

PCC

62

-22

4

-64

6

6

237

477

0.002

<0.001

   Non-TRD > HC None

   HC > TRD Superior temporal gyrus -66 -4 10 151 0.018

Seed region: Left motor cortex

F-test Left Superior temporal gyrus -66 0 6 153 0.003

   Non-TRD > TRD Right Superior temporal gyrus

Left Inferior frontal gyrus

PCC

50

-58

-22

-4

12

-68

-10

22

-6

199

252

430

0.005

0.001

<0.001

   Non-TRD> HC None

   HC > TRD Left superior temporal gyrus -66 0 6 241 0.002
Abbreviations: HC, healthy controls; MDD, major depressive disorder (=TRD + non-TRD); TRD, treatment 
resistant depression; non-TRD, non-treatment resistant depression; MNI, Montreal Neurological Institute space 
coordinates.
*Corrected for multiple comparisons with family wise error correction (FWE) on cluster level. 
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ABSTRACT 

Introduction: Several studies demonstrated improvement of depressive symptoms in 
treatment resistant depression (TRD) after administering dopamine agonists which suggest 
abnormal dopaminergic neurotransmission in TRD. However, the role of dopaminergic 
signaling through measurement of striatal dopamine D2/3 receptor (D2/3R) binding has not 
been investigated in TRD subjects. 

Methods: We used [123I]IBZM single photon emission computed tomography (SPECT) to 
investigate striatal D2/3R binding in TRD. We included 6 severe TRD patients, 11 severe TRD 
patients on antipsychotics (TRD AP group) and 15 matched healthy controls. 

Results: No significant difference (p=0.75) in striatal D2/3R availability was found between 
TRD patients and healthy controls. In the TRD AP group D2/3R availability was significantly 
decreased (reflecting occupancy of D2/3Rs by antipsychotics) relative to TRD patients and 
healthy controls (p<0.001) but there were no differences in clinical symptoms between TRD 
AP and TRD patients. 

Conclusion: This preliminary study does not provide evidence for large differences in D2/3 
availability in severe TRD patients and suggests this TRD subgroup is not characterized by 
altered dopaminergic transmission. Atypical antipsychotics appear to have no clinical benefit 
in severe TRD patients who remain depressed, despite their strong occupancy of D2/3Rs.  



STRIATAL DOPAMINE D2/3 RECEPTOR AVAILABILITY IN TREATMENT RESISTANT DEPRESSION 

97

Ch
ap

te
r 5

INTRODUCTION

About one third of patients with major depressive disorder (MDD) do not respond to two or 
more trials with different classes of antidepressants and are considered treatment resistant 
[1,2]. Treatment resistant depression (TRD) is associated with an overall worse prognosis and 
high medical costs [3]. At present, little is known about the pathophysiology of TRD, however 
several studies in TRD subjects demonstrated improvement of depressive symptoms after 
treatment with dopamine agonists [4-6]. These findings therefore suggest that abnormal 
dopaminergic neurotransmission is implicated in the pathophysiology of TRD [7].

In addition, aberrant dopaminergic neurotransmission is also associated with 
dysfunctional reward/motivational systems and anhedonia; the absolute or relative inability 
to experience pleasure. Anhedonia is one of the two key symptoms required for the diagnosis 
of MDD [8]. In TRD, anhedonia is often more profound and long-lasting and associated with 
a deficiency of the reward/motivational systems in the brain. Reward and motivation are 
mediated by the mesolimbic system, which is one of the major brain dopaminergic tracts [7]. 
This mesolimbic tract arises from the ventral tegmental area (VTA) and projects to the ventral 
striatum (including the nucleus accumbens), hippocampus and amygdala.

Relatively few neuroimaging studies examined the dopaminergic system in MDD 
with either positron emission tomography (PET) or single photon emission computed 
tomography (SPECT), and reported inconsistent findings [9,10]. Studies investigating 
dopamine D2/3 receptor (D2/3R) availability reported increased striatal D2/3R availability in 
MDD patients compared to controls [11,12], as well as increased striatal D2/3R availability in a 
subgroup of MDD patients with psychomotor retardation [13,14]. Increased D2/3R availability 
may reflect either an up-regulation of D2/3 receptors, increased affinity of the receptor for the 
radioligand or a decreased synaptic dopamine concentration [7]. Therefore, the evidence of 
altered dopaminergic function in MDD is equivocal, also, as other studies demonstrated no 
differences between MDD and healthy controls [15,16]. An explanation for these inconsistent 
findings may be that these studies included MDD patients with heterogeneous clinical 
characteristics which might underlie different clinical subgroups. Interestingly, it has been 
suggested that TRD is characterized by a more profound dysfunction of mood regulating 
networks relative to non-treatment resistant depression [17,18], which suggests that TRD 
patients are at the worst end of a continuous depression spectrum. Furthermore, as TRD 
patients are often more severely anhedonic and psychomotorically retarded, and most of the 
time did not respond to serotonergic or noradrenergic drugs, abnormalities in TRD patients 
may be related to reduced dopaminergic signaling. To date, striatal D2/3R binding has not 
been investigated in TRD patients.  

Therefore, the aim of the present study was to investigate striatal D2/3R binding 
in severe TRD patients to test the hypothesis whether TRD patients are characterized 
by diminished dopaminergic transmission, reflected by increased D2/3R binding. We 
performed in vivo measurements of striatal D2/3 binding in 6 TRD patients compared to 15 
healthy controls. We additionally investigated the effect of antipsychotics on striatal D2/3R 
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availability in 11 TRD patients and whether these drugs were associated with improvement 
of symptomatology.  
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METHODS 
Subjects

We included 6 TRD patients, 11 TRD patients on antipsychotics (TRD AP group) and 15 
healthy control subjects matched for age and gender. TRD patients were recruited at the 
department of Psychiatry of the Academic Medical Center (AMC) in Amsterdam and St. 
Elisabeth Hospital in Tilburg. The study was approved by the Medical Ethical Committee of 
the AMC of the University of Amsterdam (METC AMC), and the Medical Ethical Committee 
of the St. Elizabeth Hospital (METC St. Elisabeth). All subjects provided written informed 
consent. Inclusion criteria for TRD and TRD AP subjects were: (i) age between 18 and 65 
years; (ii) total Hamilton Depression Rating Scale (HAM-D) ≥18; (iii) primary diagnosis of MDD 
according to the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) criteria and 
assessed by The Structured Clinical Interview for DSM-IV (SCID) [19]. To capture the most 
severely TRD patients, we included only patients with an illness duration of >2 years, who did 
not respond to (i) at least two adequate treatments of two different modern antidepressants 
(selective serotonin reuptake inhibitors, serotonin–norepinephrine reuptake inhibitors, or 
noradrenergic and specific serotonergic antidepressants), and (ii) a tricyclic antidepressant, 
and (iii) an irreversible monoamine oxidase (MAO) inhibitor, and (iv) at least 6 sessions of 
bilateral electroconvulsive therapy (ECT). Exclusion criteria were: (i) Parkinson’s disease, 
dementia or epilepsy; (ii) bipolar disorder; (iii) schizophrenia or a history of psychosis 
unrelated to MDD; (iv) alcohol or substance abuse during last 6 months; and (v) antisocial 
personality disorder. Healthy controls were screened by the structured clinical interview for 
DSM-IV disorders in order to confirm the absence of psychiatric or neurological illness [19]. 
None of the healthy participants reported a family history of psychiatric illness. We used 
the HAM-D [20] and Montgomery Asberg Depression Rating Scale (MADRS) [21] to quantify 
depression severity. The Maudsley Staging Method (MSM) was used to quantify the level of 
treatment resistance [22,23]. The MSM score includes various clinical parameters; duration 
of the current depressive episode, symptom severity, and level of functioning as measured 
by the Global Assessment of Functioning (GAF) score. For a complete list of these clinical 
variables we refer to Fekadu et al [22].   

Single Photon Emission Computed Tomography protocol

SPECT scanning was performed using a 12-detector single-slice brain-dedicated scanner 
(Neurofocus, Inc., Medfield, MA, USA). Subjects underwent a measurement of the striatal 
D2/3R binding potential (BPND) using the selective D2/3R antagonist [123I]iodobenzamide 
([123I]IBZM). We applied a bolus/constant infusion technique, which has been described in 
detail previously [24,25]. SPECT data were acquired for 60 minutes, starting 120 minutes after 
infusion of the radioligand. At the day of scanning subjects were not allowed to use alcohol, 
coffee and cigarettes since this has been associated with altered striatal dopamine release 
[26,27].
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Image reconstruction and analysis

SPECT data were reconstructed in 3-D mode and attenuation correction of all images was 
performed as described earlier [28]. For quantification, a region of interest (ROI) analysis 
was performed. Fixed ROIs were positioned for the striatum and, as a reference, the occipital 
cortex [25]. Mean striatal and mean occipital binding were averaged from right and left ROIs. 
Then, BPND was calculated as the ratio of specific to non-specific binding ((total activity in 
striatum - activity in occipital cortex)/activity in the occipital cortex). All scans were analyzed 
by one investigator (CP) who was blind to the clinical data. To measure the inter-rater 
agreement, two authors (CP and BdK) independently analysed BPND in ten subjects. The 
intraclass correlation coefficient (ICC) was 0.94 for left- and 0.95 for right striatum which 
indicates an excellent agreement between both raters. 

Statistical analysis

Differences in age, HAM-D and MADRS scores were evaluated with a one way analysis of 
variance (ANOVA), and gender differences using a chi-square test. Comparison of striatal 
D2/3R availability between TRD, TRD AP and healthy control subjects  was performed with 
an ANOVA as well. Using a Least Significant Difference (LSD) ANOVA post-hoc test, differences 
in D2/3R availability were investigated between TRD patients and healthy controls, between 
TRD AP patients and healthy controls and between TRD AP and TRD patients. Since D2/3R 
availability is influenced by age [29] and gender [30], we additionally included these variables 
as covariates in the group analyses using a one way analysis of covariance (ANCOVA). A two 
tailed probability value of 0.05 was selected as significance level. 
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RESULTS

Patient characteristics 
TRD, TRD AP and control subjects were comparable for age and gender (Table 1). HAM-D and 
MADRS scores did not differ between TRD and TRD AP patients which indicates no difference 
in severity of depression between both groups. Mean MSM scores of TRD patients were 11.8 
(±1.0) and for TRD AP patients 11.8 (±0.5) which indicates a high level of treatment resistance 
in both groups. An overview of medication use of each TRD and TRD AP patient is reported 
in Table 2. 

TABLE 1. DEMOGRAPHIC AND CLINICAL MEASURES OF TRD, TRD AP AND HEALTHY CONTROL 
SUBJECTS.

Characteristic TRD 

(n=6)

TRD AP

(n=11) 

HCs

(n=15)

p-value

Age (years±SEM) 48.7±3.7 55.9±2.0 54.5±2.0 0.171

Gender (female/male) 3/3 7/4 10/5 0.632

HAM-D (SEM) 20.2±1.3 22.2±1.5 n.a. 0.38

MADRS (SEM) 33.4±3.4 34.8±1.5 n.a. 0.66

Duration of current episode in 

months (SEM) 

82±20.0 73±14.9 n.a. 0.73

Age of onset (SEM) 25.2±5.2 32.1±4.7 n.a. 0.36

MSM scores (SEM) 11.8±1.0 11.8±0.5 n.a. 0.98

Psychomotor retardation Item 8 

HAM-D (SEM) 

1±0.3 2±0.2 n.a. 0.02 

Striatal D2/3R availability (BPND) 

(±SEM)

0.84±0.06 0.50±0.06 0.81±0.05 <0.0011

TRD>HC: 0.75

TRD AP>HC: <0.001              

TRD AP>TRD: 0.001
Abbreviations: TRD; Treatment resistant depression, TRD AP; Treatment resistant depression patients using 
antipsychotics, HCs; Healthy Controls, SEM; standard error of the mean MADRS; Montgomery Asberg Depression 
Rating Scale, HAM-D; Hamilton Depression Rating Scale, MSM; Maudsley Staging Method, BPND;  Binding 
Potential non-displaceable (reflects striatal D2/3R availability) 
1 : One way ANOVA  
2:  Chi square test



CHAPTER 5

102

TABLE 2. PSYCHOPHARMACOLOGICAL DRUGS USED IN TRD AND TRD AP PATIENTS. 

Subject TRD AP patients (n=11) TRD patients (n=6)

1. Olanzapine 5mg

Zoplicon 15mg

None

2. Lithiumcarbonate 600mg       

Quetiapine 300mg     

Lorazepam 3mg

Tranylcypromine 10mg 

Zopiclon 7.5mg

3. Quetiapine 500mg  

Lorazepam 1mg

None

4. Tranylcypromine 90mg

Quetiapine 100mg

Aripiprazol 30mg

Lithiumcarbonate 800mg 

Zolpidem 20mg

5. Olanzapine 12.5mg

Flurazepam 15mg

Lorazepam 6mg

None

6. Quetiapine 600mg   

Venlafaxine 75mg

Mirtazapine 400mg

7. Dipiperon 80mg     

Lorazepam 5.5mg       

Zoplicon 7.5mg 

8. Quetiapine 700mg 

Oxazepam 10mg  

Zolpidem 20mg

9. Tranylcypromine 20mg

Dipiperon 80mg

10. Imipramine 25mg

Olanzapine 10mg

11. Quetiapine 900mg

SPECT imaging

There were no significant differences in mean striatal D2/3R availability between TRD 
patients and healthy controls (p=0.75) suggesting that dopaminergic neurotransmission was 
not significantly altered in TRD patients (Table 1, Figure 1 and 2). The standardized effect size 
was 0.21. Furthermore, the mean D2/3R availability of the TRD AP group was significantly 
lower compared to both the TRD (p=0.001) and healthy control group (p<0.001). Since the 
antipsychotics used by the TRD AP patients were all dopamine receptor antagonists, this 
demonstrates strong occupancy of striatal D2/3Rs (Table 1, Figure 2; occupancy of 50% 
±20%). Correction for age and gender did not significantly affect these results. 
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TRD TRD AP HC 

Figure 1. Transversal images of D2/3R availability. 
Transversal [123I]IBZM SPECT slices  at the level of the striatum showing D2/3 receptor availability in a TRD 
patient, a TRD patient on antipsychotics (TRD AP), and a healthy control subject.   
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Figure 2. Striatal D2/3R availability for TRD, TRD AP and healthy control subjects.
Striatal D2/3 receptor (D2/3R) availability of TRD patients, TRD patients with antipsychotics (TRD AP) and 
healthy control subjects. The black dots represents the striatal D2/3R availability of each subject. The horizontal 
lines indicate the mean D2/3R availability of each group which is 0.84 for the TRD, 0.50 for the TRD AP and 0.81 
for the healthy control subjects. 
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DISCUSSION 

This preliminary study is, to the best of our knowledge, the first to investigate striatal D2/3R 
availability in TRD. We included a unique group of severe TRD patients which were eligible for 
deep brain stimulation, with an illness duration of more than 2 years defined as non-response 
to at least four adequate treatments of different antidepressants and at least 6 sessions 
of bilateral ECT. We showed no significant differences in striatal D2/3R availability in TRD 
patients relative to healthy controls which suggests that dopaminergic neurotransmission 
is not significantly altered in TRD. Furthermore, the TRD AP subjects showed significantly 
decreased striatal D2/3R availability relative to both TRD and healthy control subjects, which 
reflects a significant occupancy of D2/3Rs (estimated to be approximately 50%) by these 
atypical antipsychotics. Interestingly, despite these large differences in receptor occupancy 
depressive symptoms were not improved in the TRD AP subjects. 

Previously, it was suggested that particularly TRD is associated with dopaminergic 
dysfunction [7]. Since TRD is characterized by a more profound dysfunction of mood regulating 
networks [17,18], we expected them to show more severe dopaminergic dysfunction and 
as such an increased D2/3R availability compared to controls. Nevertheless, we observed 
no significant difference in striatal D2/3R availability in TRD patients compared to controls. 
We propose several explanations for this finding. First, other studies reported differences in 
D2/3R availability in psychomotor retarded patients [13,14]. In our sample we used item 8 
(range 0 to 4) of the HAM-D scores to measure psychomotor retardation which showed these 
TRD patients suffered only moderately from psychomotor retardation. Unfortunately, our 
study lacks more sensitive tests to measure motor retardation such as a finger tapping task 
[14]. We therefore cannot exclude the option that our patients were less psychomotorically 
retarded than in previous studies [13,14]. Second, in the present sample TRD patients were 
only included after a non-response to MAO-inhibitors. As MAO-inhibitors increase dopamine 
concentrations, it could be hypothesized that especially in a subgroup of patients with a 
good response to MAO-inhibitors a hypodopaminergic state might exist. This could explain 
why in the current sample of non-responders to MAO-inhibitors no differences in striatal 
D2/3R availability were found. However, this hypothesis has not been investigated yet. Third, 
the present sample might be too small to detect differences in striatal D2/3R availability 
between TRD and control subjects. Importantly, however, the standardized effect size was 
small (d=0.21). This implies that at least 343 patients should be included to demonstrate a 
significant group difference (at a statistical power of 0.8). Therefore the chance that future 
larger studies will find increased D2/3R availability in this subgroup of TRD-patients appears 
to be low. Furthermore, our present findings are consistent with several MDD studies which 
also reported no differences in striatal D2/3R availability relative to healthy controls [15,16]. 
However these studies included different clinical groups with mostly treatment sensitive 
patients and a shorter duration of illness which therefore hampers direct comparisons. 

As expected, the TRD AP subjects showed significantly decreased striatal 
D2/3R availability relative to TRD subjects (which reflects occupancy of D2/3Rs by the 
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antipsychotics). The present D2/3R occupancy (approximately 50%) in the TRD AP group is 
comparable with that of atypical antipsychotics in schizophrenia patients [31,32]. Since we 
showed no significant differences in depressive symptoms between these groups at adequate 
occupancy levels, this suggests that either monotherapy or augmentation with atypical 
antipsychotics does not provide clinical benefits in this specific TRD group, suggesting that 
these antipsychotics could be tapered in these patients. Importantly, all antipsychotic drugs 
used by the TRD AP patients have appreciable 5-HT2A receptor occupancy which has been 
shown to improve depressive symptoms [33]. The 5-HT2A receptor occupancy in these patients 
therefore cannot explain the lack of clinical improvement in this group. An explanation for 
the non-response might be that these atypical antipsychotics are all dopamine receptor 
antagonists. Interestingly, several studies showed that adjunctive dopamine agonists like 
pramipexole are effective in TRD patients [6,34,35] which suggests that dopamine agonist 
augmentation therapy might also be effective in the present severe TRD patients. We 
speculate that direct stimulation of dopamine D2/3 receptors may be helpful to increase 
motivational processes in the brain [36].  

Despite the frequent use of atypical antipsychotic drugs in psychotic depression 
[37,38], low-dose augmentation of these drugs in (non-psychotic) TRD patients has 
been proven to be effective [39,40]. However, in these augmentation studies TRD was 
mostly defined as a non-response to only two trials of antidepressants. The present TRD 
patients additionally did not respond to more classes of antidepressants such as tricyclic 
antidepressants and MAO-inhibitors which may further explain the non-response to atypical 
antipsychotics, which might have no clinical benefit in more severe TRD patients. However, a 
randomized controlled trial would be necessary to definitely conclude whether antipsychotic 
augmentation in severe TRD is clinically useful.

 We acknowledge several limitations of the present study. First, several studies 
showed that the striatum contains not only D2/3 receptors but also dopamine D1 receptors 
which operate via different intracellular pathways [41]. The dopamine D1 receptor is part 
of a D1-like subfamily which also comprises the dopamine D5 receptor [41]. Striatal D1 
receptors are part of the direct nigrostriatal output pathway whereas D2 receptors are more 
prevalent in the indirect pathway [42]. Despite these functional differences, an animal study 
demonstrated that concurrent activation of D1 and D2 receptors in the shell of the nucleus 
accumbens produces a cooperative effect on the regulation of motivation, i.e. dopamine 
mediated reward processes [43]. Since depression has been associated with a dysfunctional 
reward/motivational system [44,45], these findings suggest that altered expression of D1 
receptors might lead to disturbances in the motivational system in MDD patients. However, 
as far as we know no human study has investigated striatal D1 availability in MDD nor in TRD. 
The Positron Emission Tomography (PET) radioligand [11C] SCH23390 binds to dopamine 
D1-like receptors [46], and to a lesser extent to D5 receptors. Since the expression of the 
D5 receptors in the striatum is lower, [11C] SCH23390 binding will predominantly reflect D1 
receptor availability. [11C] SCH23390, but also other ligands like [11C]NNC 756 [47] or [11C]SKF 
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82957 [48] could therefore be used to investigate striatal dopamine D1 receptor availability 
in MDD and TRD patients. 

Second, three out six TRD patients used psychotropic medication which might 
have influenced striatal D2/3R availability. One of these patients used a MAO-inhibitor which 
increases the synaptic dopamine concentration in the striatum [49]. Therefore, use of this 
drug could have reduced striatal D2/3R availability in this patient by increased competition 
with the radioligand. However, exclusion of this patient did not change results. In fact, large 
increases in dopamine concentrations are needed to reduce the [123I]IBZM binding in vivo. 
Another TRD patient used mirtazapine which is a noradrenergic and specific serotonergic 
antidepressant (NaSSA). Although mirtazapine has no affinity for dopamine receptors it 
does increase dopamine release in the prefrontal and occipital cortex by activation of the 
5-HT1A receptor and blockade of the α2-adrenergic receptors [50,51]. However, there is no 
evidence that mirtazapine increases striatal dopamine release which suggests striatal D2/3R 
binding is not altered by mirtazapine use. Third, with [123I]IBZM we are able to measure 
striatal D2/3Rs in vivo. However, consequently we cannot exclude differences in extra-striatal 
D2/3Rs in TRD, which cannot be quantified. Finally, we did not select TRD-patients based on 
symptomatology like psychomotor retardation and/or anhedonia which might represent a 
subgroup with decreased D2/3R availability.   

In conclusion, the present study did not detect differences in striatal D2/3R receptor 
availability in severely treatment resistant MDD patients relative to healthy controls. This 
contradicts the hypothesis that TRD is characterized by altered dopaminergic transmission. 
Furthermore, the results showed that additional treatment with antipsychotics decreased 
striatal D2/3R receptor availability (due to occupancy of D2/3R by the antipsychotics) in TRD. 
Importantly, because depressive symptoms were not reduced in these TRD AP patients, this 
suggest that in patients who have been administered different antidepressant drugs and 
remain depressed, atypical antipsychotics do not have a clinical advantage.
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SUMMARY

Surgery in psychiatric disorders has a long history and has regained momentum in the last few 
decades with deep brain stimulation (DBS). DBS is an adjustable and reversible neurosurgical 
intervention using implanted electrodes to deliver controlled electrical pulses to targeted 
areas of the brain. It holds great promise for therapy-refractory obsessive-compulsive 
disorder (OCD), several double blind controlled and open trails have been conducted and 
the response rate is estimated around 54%. Open trials have shown encouraging results 
with DBS for therapy-refractory depression and case reports have shown potential effects of 
DBS on addiction. Another promising indication is Tourette’s syndrome (TS) where potential 
efficacy of DBS is shown by several case series and few controlled trials. Further research 
should focus on optimizing DBS with respect to target location and increasing the number of 
controlled double blinded trials. Additionally new indications for DBS and new target options 
should be explored in preclinical research.  
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INTRODUCTION 

Surgery in psychiatric disorders involves ablative and stimulation techniques and has a long 
and turbulent history. The significant progress of our understanding of the pathophysiology 
of psychiatric disorders, thanks to preclinical and neuroimaging studies and the development 
in technology of the last decades has enabled permanent deep brain stimulation (DBS) in 
psychiatric disorders. With DBS, surgically implanted electrodes deliver controlled electrical 
pulses to targeted areas of the brain. Compared to ablative neurosurgery, DBS is reversible 
and adjustable; the settings of the stimulation can be changed and the electrodes can be 
removed from the brain. The objective of this review is to give an overview of the recent 
research in the field of DBS and psychiatry. We will start with a short introduction of the history 
of surgery for psychiatric disorders, a description of the procedure and team requirements 
for DBS for psychiatric disorders.

History of surgery for psychiatric disorders 

At the Berlin Medical Congress of 1889, the Swiss psychiatrist Gottlieb Burckhardt (1836-1907) 
presented his operative findings and outcomes of selective removal of the left frontotemporal 
cerebral cortex in a small series of six patients with various diagnoses, one with chronic 
mania, one with primary dementia and four with primäre Verrücktheit, a clinical category 
equivalent to schizophrenia [1]. Burckhardt claimed success in three of his six patients but 
his unconventional work was heavily criticized by international medical colleagues, and 
he discontinued the project after publication of his surgical results in 1891 [2]. In 1910, 
the Estonian neurosurgeon Lodovicus Puusepp (1875-1942) disrupted the “association 
fibers” between the frontal and parietal cortex in three patients with manic depression or 
“epileptic equivalents” [3]. It wasn’t until 1935 when neurologist Egas Moniz (1874-1955), 
regarded by many as the founder of modern psychosurgery, and neurosurgeon Almeida 
Lima (1903-1985) performed the first prefrontal leukotomies in 20 psychiatric patients, 
suffering from schizophrenia, bipolar disorder, and anxiety disorders [4]. The American 
neurologist Walter Freeman (1895-1972) and neurosurgeon James Watts (1904-1994) began 
performing leukotomies in 1936 [5], and their modified lobotomy technique was adopted by 
neurosurgeons around the world. By 1949 it was estimated that 10,000 lobotomies had been 
performed in the USA, with similar numbers collectively in Great Britain [6].

Moniz was awarded the Nobel Prize in 1949 for the “discovery of the therapeutic 
value of prefrontal leukotomy in certain psychoses”, but the procedure was at that time 
already regarded as unethical and unscientific. Beside the often-expressed fundamental 
moral reservations, the technical procedure itself, with operations merely performed by 
eye, was also discredited. In 1949, the French neurosurgeon Talairach (1911-2007) therefore 
presented the use of a stereotactic frame to selectively coagulate the frontothalamic fibers 
in the anterior limb of the internal capsule at the IVth International Congress of Neurology 
in Paris [7]. Hereafter, stereotactic psychosurgery quickly replaced the prefrontal lobotomy, 
and was applied for various psychiatric disorders: anterior capsulotomy for general anxiety 
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disorder and obsessive-compulsive disorder (OCD), cingulotomy for addiction, bipolar 
disorder, depression , OCD, schizoaffective disorder and schizophrenia, subcaudate 
tractotomy for depression, OCD and schizophrenia, anterior callosotomy for schizoaffective 
disorder and schizophrenia [for review see [8], thalamotomy for Tourette’s syndrome [9], 
hypothalamotomy for addiction [10], aggressiveness [11] and sexual disorders [12], and 
amygdalotomy for aggressive behaviour associated with mental impairment [13]. Although 
stereotactic psychosurgery in the early years almost exclusively employed ablative lesions, 
experimental DBS in psychiatric patients was already performed in the 1950s by research 
groups at the Mayo Clinic in Rochester and Tulane University in New Orleans [14,15].

Since the introduction of psychoactive drugs like chlorpromazine, reserpine, lithium, 
haloperidol, imipramine and diazepam in the 1950s and 1960s, the number of patients 
requiring stereotactic psychosurgery decreased enormously. Nowadays, it is only applied in 
treatment-refractory psychiatric disorders. Since the 1987 publication from Benabid et al. on 
thalamic DBS in Parkinsonian patients with tremor [16], DBS has virtually replaced ablative 
lesions in stereotactic neurosurgery for both movement and psychiatric disorders.

Procedure for implantation

For electrode implantation, a stereotactic head frame is attached to the patient’s skull. Then, 
the patient is imaged with the frame on, to localize the target(s) on magnetic resonance 
imaging (MRI) or computer tomography (CT). After burr holes are made in the patient’s skull, 
stereotactic frame guidance is used to place the leads in the targeted area. The lead is then 
connected to an extension cable and tunnelled under the scalp and skin of the neck to a 
subcutaneous pocket in the subclavicular or abdominal area that holds the internal pulse 
generator (IPG). The IPG lifetime depends on parameter settings, after which it needs to be 
surgically replaced. Since DBS in psychiatric disorders generally requires high amperages, 
IPGs are often replaced after 9-18 months. The recent development of rechargeable IPGs has 
prolonged their lifetime significantly. 

Administering stimulation

The implantable IPG contains a battery for power and a microchip to regulate the stimulation 
settings. The activity of the electrodes can be programmed externally with a portable 
appliance communicating with the pulse generator through telemetry. The electrodes have 
various contact points (mostly four), which can be stimulated separately, thereby enabling 
adjusted of the anatomical reach of the stimulation area. Frequency, intensity, and pulse 
width are also programmable. The programming facility has the advantage that, after 
implantation, the stimulation can be optimized in order to increase the therapeutic effects 
and to decrease side effects.
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Team requirements

DBS in psychiatric disorders requires a multidisciplinary collaboration between the 
departments of neurosurgery and psychiatry. Careful patient selection is key in DBS 
treatment. Therefore, a psychiatrist with expertise in the specific psychiatric disorder of the 
DBS indication is needed to diagnose the severity of symptoms, presence of co-morbidity, 
and to evaluate in- and exclusion criteria. Patients should only be included when all other 
available treatments for the disorder were administered. Additionally, psychological and 
social evaluation is required preferably by psychologists and specialised nurses to assess the 
patient’s motivation, the patient’s support structure and his/her social functioning. The last 
step in the patient selection is to exclude medical conditions or structural brain abnormalities 
contra-indicative for surgery. 
 The surgery is performed by a neurosurgical team with specific expertise in 
stereotactic and functional neurosurgery. Performing neurosurgery on awake patients poses 
challenges for the surgical team. Psychological assistance from the psychiatric team who 
is familiar with the patient is therefore recommended as long as the patient is awake. DBS 
programming is carried out during regular follow-up visits by an expert psychiatrist and a 
team including psychologists or specialized nurses. The team has to be trained to assess 
symptoms and side effects, and has to understand the technical aspects of DBS. For some 
patients, it can be beneficial to optimize the effect of DBS with the help of cognitive behavioural 
therapy, for which trained behavioural therapists are needed. Since DBS for psychiatric 
disorders is still an experimental treatment, systematic investigation of it’s efficacy, possible 
side effects and underlying mechanisms of action is needed [17], and needs to be carried out 
by a multidisciplinary investigational team.
 
DBS IN THERAPY-REFRACTORY OCD
Rationale

Obsessive-compulsive disorder (OCD) is characterized by anxiety-provoking intrusive 
thoughts and repetitive behaviour that are severe and time consuming (more than one hour 
per day) and causes distinct distress. If left untreated, it can have a devastating effect on 
occupational functioning, relationships and social activities. Specific treatments for OCD 
such as pharmacotherapy with serotonin reuptake inhibitors and cognitive behavioural 
therapy (CBT) provide 40% to 60% symptom reduction in half of the patients. Approximately 
10% of patients remain severely affected and suffer from treatment-refractory OCD [18]. 
For a small proportion of these treatment-refractory patients, DBS may be appropriate. It is 
estimated that since 1999 over 100 patients with OCD have received experimental DBS in five 
different brain targets: the anterior limb of the internal capsule (ALIC), nucleus accumbens 
(NAc), ventral capsule/ventral striatum (VC/VS), subthalamic nucleus (STN) and inferior 
thalamic peduncle (ITP).

Circuits connecting orbitofrontal cortex (OFC), medial prefrontal cortex (mPFC), 
basal ganglia and thalamus are central to OCD pathophysiology [19]. OCD is associated 
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with hyperactivity of this cortical-striatal-pallidal-thalamic-cortical network [20]. Although 
the exact mechanism of DSB is unknown, it is hypothesized that DBS inhibits or functionally 
overrides this pathological hyperactivity [21]. Although studies combining imaging and 
DBS that may confirm the inhibitory characteristics of DBS, are sparse, it’s suggested that 
hyperactivity in the OFC correlates with the severity of OCD, and that OFC activity normalizes 
following DBS [22,23].  

Efficacy of DBS for OCD 

We identified four open and seven controlled studies with a blinded on-off phase. The 
inclusion ratio per study ranged from 4 to 27 OCD-patients (Table 1). Considering the amount 
of larger studies with DBS in OCD, case-studies were excluded. One study  was omitted from 
final efficacy analysis because of its design that included results from earlier studies.

TABLE 1. OVERVIEW OF PUBLISHED STUDIES OF DEEP BRAIN STIMULATION FOR THERAPY-
REFRACTORY OBSESSIVE COMPULSIVE DISORDER. 

Study Target Nr of 

patients

Follow-up Period 

(months)

Response

Nuttin et al. 19991  ALIC 4 Not mentioned In 3 out of 4 some beneficial 

effects were seen.

Nuttin et al. 20031  ALIC 6 3 - 31 Responder 50%

Abelson et al. 20051 ALIC 4 4 - 23 Responder 50%

Sturm et al. 2003 NAc 5 24-30 Responder 60% (Y-BOCS scores 

not mentioned)

Denys et al. 20101 NAc 16 21 Responder 56%

Huff et al. 20101 Right- NAc 10 12 Responder 10%

Greenberg et al. 

2006 

VC/VS 10 36 Responder 40%

Goodman et al. 

20101

VC/VS 6 12 Responder 33%

Jimenez-Ponce et 

al. 2009  

ITP 5 12 Responder 100%

Mallet et al 20081 STN 16 3 months of stimulation Responder* 75%
Abbreviations: ALIC, the anterior limb of internal capsule; NAc, nucleus accumbens; VC/VS; ventral capsule/
ventral striatum; STN, subthalamic nucleus; ITP, inferior thalamic peduncle. Responder definition: >35% Y-BOCS 
reduction. *Responder definition: >25% Y-BOCS reduction. 1  Controlled studies.

Anterior Limb of Internal Capsule 

The ALIC contains fibers connecting the prefrontal cortex and the subcortical nuclei, including 
the dorsomedial thalamus. The choice of the ALIC as a brain target for DBS was based on 
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the experience with the anterior capsulotomy for therapy-refractory OCD. This ablative 
procedure had shown positive response in approximately 50% of participants [24]. 

In 1999, Nuttin et al. [25] published the first article on bilateral ALIC DBS in four 
patients. The authors reported beneficial effects in three of four patients. Another study 
by the same group in 2002 described six patients with DBS in the ALIC for a period of 21 
months [26]. Four patients participated in a crossover evaluation; three showed a 35% or 
greater reduction in symptoms on the Yale-Brown Obsessive Compulsive Scale (Y-BOCS) 
[27]. Abelson et al. [22] reported two responders out of four patients in a randomized on–off 
sequence of four 3-week blocks, followed by an open stimulation phase.

Ventral Capsule/Ventral Striatum (VC/VS)

Subsequently, adjacent structures of the internal capsule were targeted for DBS. The ventral 
striatal area contains the ventral caudate nucleus and NAc. It is thought to be associated 
with motivation and reward. Combined with the ventral capsule (VC), it is referred to as 
the VC/VS region. This brain target was chosen based on the experience with subcaudate 
tractotomy [for review see [8]] and gamma knife capsulotomy at the ventral region of the 
ALIC for treatment-refractory OCD [22]. In 2006, Greenberg et al. [28] conducted a study with 
10 patients who underwent bilateral stimulation of the VC/VS. Eight patients were observed 
for 3 years. Four of eight patients were considered responders (≥35% symptom reduction). 
A combined study on the long-term results from 26 patients with ALIC/VC/VS implantation 
by the same American and Belgian groups reported an overall responder rate of 62% after 
a mean of 31.4 months of follow-up [29]. Refinement of the implantation site to a more 
posterior location, toward the junction of the anterior capsule, anterior commissure (AC), 
and bed nucleus of the stria terminalis (BST), improved the results. A study by Goodman et 
al. [30], using a blinded, staggered-onset design of six OCD patients with VC/VS DBS, showed 
four of six responders after 12 months’ follow-up. 

Nucleus Accumbens

The NAc is located where the head of the caudate and the anterior portion of the putamen 
meet, just beneath the ALIC, and plays a key role in the reward circuitry [31-34]. The NAc is 
considered a promising target for DBS because there is evidence of dysfunction of the reward 
system in OCD. A study by Figee et al. [35] showed attenuated reward anticipation activity 
in the NAc of OCD patients compared with healthy controls. Sturm et al. [36] published the 
first DBS results of unilateral, right-sided NAc implantation in four OCD patients. This open 
study considered three out of four patients as responders, although no Y-BOCS scores were 
reported. A subsequent double-blind study by the same group in 2010 with 10 OCD patients 
reported only one responder at 1-year follow-up, although five patients were considered 
partial responders (≥25% symptom improvement). In 2010 Denys et al. [37] published a 
study on 16 patients with bilateral NAc DBS for OCD. This study consisted of an open 8-month 
treatment phase, followed by a double-blind, crossover phase with randomly assigned 
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2-week periods of active or sham stimulation. It ended with an open 12-month maintenance 
phase. Nine of 16 patients were defined responders during follow-up.

Subthalamic Nucleus

The STN is part of the basal ganglia and is located ventral to the thalamus, dorsal to the 
substantia nigra, and medial to the corticospinal tract. Studies of DBS in Parkinson’s disease 
(PD) highlighted the presumable role of the STN in behavioural alteration and reducing OCD 
symptoms. After initial positive results in case studies [38,39], Mallet et al. [38,40] reported 
on the efficacy of bilateral STN stimulation in 16 OCD patients. Twelve of 16 patients were 
categorized as responders, although responders were defined by a mean decrease of 25% or 
greater in Y-BOCS score in this study.

Inferior Thalamic Peduncle

The ITP links the thalamus and the orbitofrontal cortex (OFC) and is part of the orbitofrontal-
thalamic system. Because these structures are central in the pathophysiology of OCD [19], 
it was hypothesized that electrical stimulation of this white matter bundle could reduce 
OCD symptoms. The only study on DBS for OCD in the ITP was an open study conducted 
by Jiménez-Ponce et al. [41]. They reported five of five responders on the Y-BOCS after 12 
months’ follow-up. 

Limitations and safety

Side effects of DBS are related to either the surgical procedure or to the stimulation itself. 
Bleeding rates of DBS surgery are between 0.2 and 5% [42]. Other reported side effects 
related to the operation are wound infection and perioperative headache [37,42]. Side 
effects related to the stimulation vary widely. They are usually reversible by cessation or 
adjustment of stimulation parameters. Acute mood changes during the first few days of 
stimulation have been reported, such as transient sadness, anxiety and euphoria, sometimes 
to the extent of hypomanic and manic symptoms [30]. Transient hypomania is the side effect 
most commonly observed immediately after stimulation in DBS for OCD patients. Transient 
hypomanic episodes seem to occur more often in the VC/VS–NAc region. Chronic mood 
improvement is an unintended but favourable side effect of DBS because most treatment-
refractory OCD-patients suffer from co-morbid major depression. Antidepressive effects were 
reported after NAc, ALIC and VC/VS stimulation [22,28,37]. Because no mood improvement 
was observed following STN stimulation [40], this improvement seems to be related to DBS 
of the ventral striatum in particular. Stimulation cessation can result in severe worsening of 
mood. However, this worsening can be reversed by reactivation of the stimulation. 

Conclusion and future directions
DBS is a promising therapy for treatment-refractory OCD patients as 44 out of 82 patients 
were defined responders, resulting in an average overall response rate of 54%. Because of 
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the various study designs with differing outcome measures, duration of follow-up and limited 
number of subjects, a clarifying comparison of the efficacy per brain target remains difficult. 
Further research should focus on optimizing this therapy with respect to target location, 
patient selection and management, and further investigation of its mechanism of action.

DBS IN TRD 
Rationale

Major Depressive Disorder (MDD) has a lifetime prevalence of 15-20% [43]. With adequate 
treatment, most MDD patients recover to a normal level of functioning. However, up to 40% 
of patients who respond to antidepressant treatment develop residual symptoms despite 
optimized treatment [44]. Furthermore, up to 33% of patients do not reach remission criteria 
despite adequate sequenced antidepressant treatment, resulting in therapy-resistant 
depression (TRD) [45]. 

Although the exact pathophysiology of MDD remains unknown, a convincing 
network model has been described [46]. According to this model, there is a dysregulation 
between ventral limbic regions (including anterior insula, hippocampus, subcallosal 
cingulate and brain stem) and dorsal cortical regions (including prefrontal cortex, premotor 
area, parietal cortex), with increased limbic activity and decreased cortical activity in MDD. 
Similarly, reversal of this pattern has been found during mood improvement and depression 
remission [47-49].

Efficacy of DBS for Depression

We identified four open studies using a unique caseload and one study describing the follow-
up results after three years (Table 2). The inclusion ratio ranged between eight and 20 patients. 
At the time of writing, no controlled studies on DBS for depression have been published. 

Ventral Capsule/Ventral Striatum

 The VC/VS as a potential DBS target for TRD was based on research with this target in OCD 
[25,28] in which in addition to improvement of OCD symptoms improvement of depressive 
symptoms was also seen. Malone et al. [50] included 15 highly refractory depressive patients, 
in whom electrodes were implanted bilaterally in the VC/VS region following the dorsal-
ventral trajectory of the anterior limb of the internal capsule [51]. They found a response 
rate of 40% after 6 months and 53.3% at last follow-up (mean 23.5 months, ±14.9 months). 
Remission rates were 20% at 6 months and 40% at last follow-up. The mean HDRS score 
decreased from 33.1 at baseline to 17.5 after 6 months follow-up.

Nucleus Accumbens

Bewernick et al. [52] selected the NAc as target for DBS in TRD. Similar to the VC/VS area, Denys 
et al. [53]observed a substantial mood improvement in OCD patients treated with bilateral 
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NAc DBS. Furthermore, major depression appears to be associated with hypoactivation of the 
NAc during reward outcome, which is thought to be associated with the anhedonic aspects 
of depression [54]. The NAc receives projections from the ventral tegmental area (VTA), which 
produces dopamine, and from regions involved in emotional processing, including the OFC 
and amygdala [55]. Stimulating the NAc could therefore modulate neural activity in other 
emotion and motivation centres in the brain [56]. Bewernick et al. [52] included 10 TRD 
patients which were implanted with bilateral DBS electrodes. A response was defined as a 
50% reduction on HDRS - 28 item, and remission as a score of 10 or lower on HDRS. Response 
and remission rates after 12 months were 50% and 30% respectively. The mean HDRS score 
decreased from 32.5 at baseline to 20.8 after 12 months follow-up. 

TABLE 2. OVERVIEW OF PUBLISHED STUDIES OF DEEP BRAIN STIMULATION FOR THERAPY-
REFRACTORY DEPRESSION. 

Study  Target Nr of   

patients

Follow-up period 

(months)

Response

Malone et al 2009 VC/VS 16 6

Last follow up*

Response 40% Remission 

20%

Response 53.3% 

Remission 40%

Bewernick et al 2009 NAc 10 12 Response 50% Remission 

30%

Lozano et al 2008

Follow up:  Kennedy et 

al 2011

SCG

SCG

20

20

12

36

Last follow up**

Response 55% Remission 

35%

Response 75% Remission 

50%

Response 64.3% 

Remission 42.9%

Puidgemont et al 2011 SCG 8 6

12

Response 87,5% 

Remission 37.5%

Response 62.5% 

Remission 50%
Abbreviations: NAc, nucleus accumbens; SCG, subcallosal cingulate gyrus; VC/VS, ventral capsule/ventral 
striatum. 
*mean last follow-up was 23.5 months, ±14.9 months
**last follow up between 3-6 years

Subcallosal Cingulate Gyrus

The Subcallosal Cingulate Gyrus (SCG), which includes Brodmann area 25 (BA25), is a key 
hub in the mood regulating circuit [57,58]. Depression is associated with increased activity of 
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SCG during rest and during performance of emotional tasks [32,59,60]. Conversely, decreased 
activity in this region following antidepressant treatment, transcranial magnetic stimulation 
and electroconvulsive therapy has been found [61,62]. These findings suggest that the SCG 
is an important region in the pathophysiology of depression. Therefore this region became 
of interest for DBS [63].   
 Lozano et al [63] investigated the effects of DBS in 20 TRD patients by implanting 
bilateral electrodes in the SCG. From baseline to 12 months of stimulation, the mean HDRS 
-17 item score decreased from 24.4 to 12.6. After 12 months follow-up, they reported a 
response rate of 55% and a remission rate of 35%. After three years of follow-up, response 
rates were 75%, and remission rates 50% [64]. At last follow-up (range 3-6 years), the average 
response rate was 64.3%, and the average remission rate was 42.9%. Recently, Puigdemont 
et al. reported on 8 TRD patients with DBS in the same target area [65]. At six months follow-
up, response and remission rates were 87.5% and 37.5% on HDRS -17 item respectively. At 
one year follow-up these rates were 62.5% and 50%. 

Limitations and safety 

Side effects directly related to the stimulation are limited in DBS for depression. Studies 
reported an increase of anxiety and tension, hypomania and insomnia [50,52]. All these 
side effects were transient and could be stopped by cessation or adjustment of stimulation 
parameters.

Conclusion and future directions 

DBS is a promising therapy for treatment-refractory depression, with a comparable short- 
and long term clinical efficacy between the different brain targets. The fact that DBS is 
clinically effective in different brain targets, together with positron emission tomography 
(PET) findings showing decreased metabolism in SGC and other prefrontal regions following 
NAc DBS [52], suggests that DBS may indeed modulate the pathological neural network 
involved in depression. However, possible clinical improvement due to the placebo effect 
cannot be ruled out. Furthermore, DBS patients got more supportive care compared to non-
DBS patients, with more frequent follow-up visits. The attention of health care professionals 
and more frequent visits alone could be the cause of clinical improvement in DBS patients. 
Therefore, double blind controlled crossover studies are needed to determine whether DBS 
is an efficacious antidepressant treatment. Moreover, neuroimaging and neuropsychological 
studies of DBS in TRD are needed to improve our understanding of the pathophysiology of 
depression and the mechanism of action of DBS. It is the general clinical impression that 
reduction of TRD symptoms takes longer than OCD symptoms following DBS. Another 
common clinical observation is that TRD symptoms during the optimization period are 
more prone to extreme fluctuations so that TRD patients are more difficult to stabilize over 
time than OCD patients. Given the risk for suicide, TRD patients need to be monitored very 
carefully.
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DBS IN THERAPY-REFRACTORY ADDICTION
Rationale 

Drug-addiction has detrimental effects on the affected individuals and their environment and 
it poses a heavy burden on society as a whole. Addiction is a new indication for DBS, but the 
rationale to consider DBS as a potentially effective treatment for addiction is similar to that 
in depression and OCD and can be summarized in three main reasons: First, case reports and 
animal research have shown promising results for DBS for addiction [e.g. [66,67]]. Second, 
preclinical research and neuroimaging studies in the last two decades have increased our 
understanding of the underlying pathophysiological mechanisms behind addiction by 
showing affected salience attribution and cognitive control in addiction [68,69]. The main 
brain structures involved in these processes are the ventral tegmental area, OFC, striatum, 
insula, amygdala, cingulated gyrus, dorsolateral prefrontal cortex and inferior frontal gyrus 
[70]. Third, relapse rates after treatment for addiction are high (50-70% after one year of 
completing treatment) and a substantial number of patients does not respond at all to 
treatments. It is therefore important to keep searching for new interventions [71,72]. 

Efficacy of DBS for addiction

We identified three studies in which the indication of DBS treatment was addiction and 10 
other studies in which the remission of addiction was a non-intended side effect of DBS in 
patients who were treated for a different disorder (Table 3). No controlled studies on DBS and 
addiction have thus far been published.

Subthalamic nucleus

The first studies to report a possible effect of DBS on addiction were studies on STN DBS in 
Parkinson’s disease.  In patients with Parkinson’s disease, dopamine replacement therapy 
can sometimes develop into addictive use of medication called “dopamine dysregulation 
syndrome” (DDS). Additionally, DDS is associated with the onset of impulse control disorders, 
such as pathological gambling (PG), compulsive shopping or hypersexuality [73]. The first 
two case series on this subject by Ardouin et al. and Witjas et al. described nine patients 
with DDS or pathological gambling (PG), who improved or resolved their addiction after 
STN DBS [74,75]. Similarly, Knobel et al. [76] described an improvement of DDS after STN 
DBS. However, Smeding et al. described the opposite effect: a patient without a history of 
addictive behaviours developed a pattern of pathological gambling after STN DBS treatment 
despite a clear reduction of levodopa and dopamine agonist treatment [77]. Lim and al [78] 
described a mixed outcome in 19 patients with STN DBS: five worsened on their DDS or PG 
behaviour, six resolved their addictive behaviours, and in eight patients DDS or PG remained 
unchanged. In many of these patients, changes in the use of levodopa or dopamine agonist 
treatment after DBS could have influenced their addictive behaviours as well. In the study by 
Lim and al. [78], there was a relation between poor outcome on behavioural symptoms and 
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the use of higher post-surgery medication use. It is therefore difficult to deduce from these 
reports the direct effect of STN DBS on addictive behaviours. 

TABLE 3. OVERVIEW OF PUBLISHED STUDIES OF DEEP BRAIN STIMULATION FOR THERAPY-
REFRACTORY ADDICTION. 

Study Addiction Target Nr of 

patients

Follow-up 

Period 

(months)

Response Comorbid 

disorder

Müller et al. 2009 Alcohol NAc 3 12-15 2 resolved

1 improved

-

Kuhn et al. 2009 Alcohol NAc 1 12 1 improved DP/AD

Kuhn et al. 2011 Alcohol NAc 1 12 1 resolved -

Zhou et al. 2011 Heroin NAc 1 84 1 resolved -

Kuhn et al. 2007 Nicotine NAc 10 30 3 resolved

7 unchanged

AD/OCD/TS

Neuner et al. 2009 Nicotine NAc 1 36 1 resolved GTS OCD

Mantione et al. 2010 Nicotine NAc 1 24 1 resolved OCD

Ardouin et al. 2006 PG STN 7 40 (mean) 7 resolved PD

Smeding et al. 2007 PG STN 1 42 1 worsened 

after DBS and 

stopped after 

changing settings 

+ medication

PD

Bandini et al. 2007 PG, DDS STN 2 6-12 2 resolved PD

Witjas et al. 2005 DDS STN 2 18 2 resolved PD

Knobel et al. 2008 DDS STN 1 18 1 improved PD

Lim et al. 2008 DDS STN 19 16 (mean) 5 worsened

8 unchanged

6 resolved

PD

Abbreviations: AD, anxiety disorder; DBS, deep brain stimulation; DDS, dopamine dysregulation syndrome; 
DEP, depression; NAc, nucleus accumbens; OCD, obsessive-compulsive disorder; PD, Parkinson’s disorder; PG, 
pathological gambling; STN, subthalamic nucleus; TS, Tourette syndrome.

Nucleus accumbens
Four studies illustrated a change in addiction after NAc DBS intended to treat another 
psychiatric disorder [66,79-81]. The first study was a single case report by Kuhn et al. [66] 
who described a patient treated for anxiety and depression with NAc DBS who had comorbid 
alcohol dependence. Even though the DBS treatment had a negligible effect on the anxiety 
and depressive symptoms, he was able to reduce his alcohol intake to moderate amounts 
which lasted during the one-year follow-up period. In a second report by Kuhn et al. [79] 
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about patients treated with NAc DBS for psychiatric disorders (obsessive-compulsive 
disorder, anxiety disorder or Tourette’s syndrome) three out of 10 smoking patients stopped 
smoking after NAc DBS and never relapsed during the 30 month follow-up period, a much 
higher rate than unaided smoking cessation in the general population. The third and fourth 
study are case reports about patients who quit smoking and remained abstinent in the 
follow-up period after DBS for OCD [80] and Tourette’s syndrome [81]. In contrast to the first 
case report, both patients showed symptom improvements for the primary diagnosis. 

There are only three published articles who describe addiction as indication for DBS 
treatment, all of them using the NAc as target area. The choice of the NAc as target area was 
based on the above-described reports, animal research [67,82-84] and the central role the NAc 
is thought to play in affected reward processing in addiction [70]. A case series by Muller et 
al. [85] reported three patients with severe refractory alcohol dependence receiving bilateral 
NAc DBS. In all patients craving disappeared, two patients remained abstinent during one 
year follow-up, and the other patient reduced his alcohol consumption considerably. Using 
a similar approach, another case report by Kuhn et al. [86] described a patient with alcohol 
dependency that reduced his alcohol use to occasional consumption after eight months of 
DBS and completely stopped drinking after one year of treatment. The third case report by 
Zhou et al. [87] described a patient suffering from chronic heroin dependence who refrained 
from drug use after NAc DBS during a follow-up period of six years. Interestingly, the patient 
remained drug free after two to three years of DBS treatment when the IPG was turned off 
and later removed. 

Limitations and safety

A major limitation is that most of the reported patients were treated primarily for another 
disorder, which makes it difficult to determine whether the reported effect on addiction is 
caused directly by the DBS, or whether it is an indirect result following improvement of the 
main disorder, such as lifestyle changes or altered medication use. Most side effects reported 
were transient. In the articles describing STN DBS, mild apathy was reported in two patients 
[88] and emotional instability and vivid dreaming in one patient [89]. In the articles describing 
NAc DBS, a hypomanic episode of two weeks was reported in one patient [90], and mild 
confusion and urinary incontinence in the 12 hours following surgery in another patient [87]. 
To explore and establish the efficacy and safety of DBS in addiction, the results of careful 
explorative studies have to be awaited. 

Conclusions and future research

DBS might be a promising therapy for treatment-refractory addiction, however no controlled 
trails with DBS for addiction have been published at this time. The NAc seems a promising 
target area for DBS in addiction, as we showed in a recent review of both animal and human 
research [91]. 
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DBS IN THERAPY-REFRACTORY TS

Tourette’s syndrome (TS) is a childhood-onset condition characterized by motor and vocal 
tics that are chronic (duration of >1 year) [92]. Psychopathology is common and includes a 
wide variety of disorders, including OCD, attention deficit hyperactivity disorder (ADHD), and 
various degrees of personality disorders [93]. Although symptoms mostly improve by early 
adulthood, a significant number of patients fail to respond to standard pharmacological 
or behavioural therapies [94]. TS is considered a movement disorder, but has psychiatric 
components and will therefore be shortly discussed in this review. The application of DBS 
in therapy refractory TS was pioneered by Vandewalle et al. in 1999 [95]. About 60 patients 
with TS have thus far been treated by DBS (table 4) targeting different areas of the thalamus, 
different areas of the internal segment of the globus pallidus (GPi), the NAc, the STN and 
the ALIC. The rationale behind the different targets varies: some studies target sensimotor 
areas to mediate movement dysfunctionality, while others target areas in the cortico-striatal 
network to mediate the compulsive element of the disorder especially in patients with co-
morbid OCD. Three studies (with unique caseload) have used a double blind controlled 
design for testing the efficacy of DBS [96-98], two studies used an open label design in a 
larger group of patients [5 and 18 respectively [99,100]], other studies are case reports or 
case series. Two double blind [96,97] controlled studies used the thalamus as target area 
and showed moderate improvement in the blinded condition (14% and 37% respectively), 
with further improvement in open follow-up assessment phase (44% and 49%). The third 
blinded controlled study [98] compared the effects of thalamic stimulation, GPi stimulation, 
stimulation in both areas and sham stimulation in three patients and found the best effects for 
GPi stimulation. Furthermore, an improvement of symptoms is reported in all but two other 
studies: one first reported no change in symptoms in one patient [101] and another reported a 
worsening of symptoms in one patient [102]. Side effects that are reported using the different 
target areas include: psychosis, anxiety, depression, effects on libido and decreased energy 
[96,98,103,104]. In one case report, a suicide attempt was described after several years of NAc 
DBS in a TS patient who had a decrease of 44% on the Yale Global Tic Severity Scales [105]. 
Together these studies show promising results for the application of DBS in TS, however the 
amount of stimulation targets used and the wide variety of stimulation parameter settings 
make it difficult to compare studies and to decide which target area is most effective and safe. 
Additional complications in the search for best target area are the different co-morbidities 
that accompany many of these patients and the phenotypic variability of the disorder [93]. 
In further research, larger and more blinded controlled trials will be needed to establish the 
efficacy of DBS in TS and to decide on which target area is most suitable.
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TABLE 4. OVERVIEW OF PUBLISHED STUDIES OF DEEP BRAIN STIMULATION FOR THERAPY-
REFRACTORY TOURETTE SYNDROME. 

Study Target Nr of 

patients

Follow-

up Period 

(months)

Response (reduction 

on YGTSS)

Co-morbidity

Vandewalle et 

al. 20031

Follow up: 

Ackermans et 

al. 2010

CM-Pf Voi

CM-Pf Voi

3

2

8-60

72-120

Mean

82% Tic reduction

85% Tic reduction

-

Servello et al. 

2008

Follow up: 

Porta et al. 2009

CM-Pf Voi

CM-Pf Voi

18

15

3-18

24

65%

52%

OCD/DEP/agression

Bajwa et al. 

2007

CM-Pf Voi 1 24 66%

Maciunas et al. 

2007*

CM-Pf Voi 5 3 Mean

14% (blinded 

comparison)

44% follow-up

OCD/DEP/ ADHD

Vernaleken et 

al. 2009

CM-Pf Voi 1 6 36% OCD/ADHD/ DEP 

symptoms

Ackermans et 

al. 2011* 

CM-Pf Voi 6 3 + 6 (blinded 

comparison)      

12

Mean

37% (blinded 

comparison)

49% follow-up

Lee et al. 2011 CM-Pf Voi 1 18 58%

Ackermans et 

al. 20062 

CMPf Voi 

GPi

2 12 85% Tic reduction

93% Tic reduction

Welter et al. 

20083*

CM-Pf and 

GPi

3 20-60 Mean

GPi: 78%

CM-Pf: 45%

Both: 60%

Flaherty et al. 

2005

Shields et al. 

20084

ALIC

CM-Pf Voi

1 18

3

23%

46%

Servello et al. 

2009

ALIC/NAc 4 10-44 Mean 66% OCD
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Burdick et al. 

2010

ALIC/NAc 1 30 17% worsening OCD

Kuhn et al. 2007 NAc 1 30 41% on OCD

Zabek et al. 

2008

Right NAc 1 28 80%

Neuner et al. 

20095

NAc 1 36 44% OCD

Diederich et al. 

2005

GPi 1 14 47%

Gallagher et al. 

2006  

GPi right 1 Several months improvement of tics 

contralateral and 

continuation of tics 

ipsilateral to electrode

Shahed et al. 

2007

GPi 1 6 84% PD, impulsivity

Dehning et al. GPi 1 12 88%

Dueck et al. 

2009

GPi 1 12 No benefit Mental retardation

Martinez-

Fernández et al. 

2011

GPi 5 3-24 Mean 29% Dystonia/ ADHD

Martinez Torres 

et al. 2009 

STN 1 12 97% Tic improvement PD

Abbreviations: ADHD, attention deficit hyperactivity disorder; ALIC, the anterior limb of internal capsule; CMPf, 
centre median parafascicular complex; DEP, depression; GPi, globus pallidus internus; OCD, obsessivecompulsive 
disorder; NAc, nucleus accumbens; PD, Parkinson’s disorder; STN, subthalamic nucleus; Voi, ventralis oralis 
internus.
1 incl 1 pt from Vanderwalle et al. 1999
2 incl 1 pt from Vanderwalle et al. 2003
3 incl 1 pt from Huerto et al. 2005
4 1 patient receiving two times DBS in different target areas
5 Neuner et al. 2010 reports suicide attempt in follow-up study
* Controlled studies

NEW INDICATIONS FOR DBS

Modulating the functionality of brain areas involved in the regulation of food intake by means 
of deep brain stimulation could be a promising new treatment option in eating disorders like 
obesity [106] and also anorexia nervosa (AN). In obesity, both the hypothalamus and NAc are 
considered as potential targets. Several animal studies have investigated the efficacy of DBS 
in the lateral hypothalamus or in the ventromedial hypothalamus on food intake and weight 
loss in animal models [107-109]. In 1974, Quaade et al. [110] reported suppression of appetite 
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and minimal weight loss after stereotactic electrocoagulation of the lateral hypothalamus 
(LH) in three obese patients. Additionally, Mantione et al. [111] reported a 44 kg weight loss 
in a patient with severe obsessive-compulsive disorder who underwent bilateral NAc DBS. 
However, hypotheses regarding the possible positive effects of DBS on obesity are mainly 
generated by animal studies, and by conceptual frameworks based on the current knowledge 
of the neurobiology of the regulation of feeding. 

Human imaging studies in anorexia nervosa (AN) patients show ventral (limbic) 
and dorsal (cognitive) neural circuit dysfunction which resemble dysfunctions in psychiatric 
disorders like OCD and MDD [112]. Given the symptomatic similarities between anorexia 
nervosa and OCD, and the efficacy of NAc DBS in OCD, the NAc or associated brain areas 
in the cortico-striato-thalamo-cortical circuits may be effective targets for DBS in AN. 
Alternatively, Israël et al. [113] observed a lasting remission of chronic AN after DBS in the 
subgenual cingulated cortex for severe treatment refractory depression, and Barbier et al. 
[114] described a case of successful anterior capsulotomy in AN and OCD. Further (pre)clinical 
research is needed to explore how promising DBS may be in the treatment of obesity and AN.

FINAL CONCLUSIONS

The application of DBS in psychiatric disorders has a promising prospect but still remains 
investigational. OCD and TS are the only disorders in which double blinded controlled trials 
have been used to examine the efficacy of DBS. In both disorders, more research is needed to 
find the most effective target area(s), which may consist of more than one neuro-anatomical 
location due to variability in the phenomenology of the disorder. DBS in depression and 
addiction is promising as well, however double blinded controlled trials are needed to 
confirm this effect. In addiction especially it is too early to draw conclusions since only case 
reports or series have been published. Additionally, more research into the mechanisms of 
action using neuro-imaging and animal experiments could greatly contribute to optimizing 
DBS as a treatment in psychiatry in terms of target location and stimulation settings. 
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ABSTRACT

Background: Deep brain stimulation (DBS) of the nucleus accumbens has recently emerged 
as an effective and new approach for treatment resistant depression (TRD). Since DBS is 
an extremely invasive and expensive therapy the identification of predictive markers for 
treatment response is an unmet need. 

Methods: We obtained resting state functional MRI scans prior to DBS implantation in 17 
patients with TRD. We assessed functional connectivity of the ventromedial prefrontal cortex 
to determine whether default mode network connectivity was associated with the attainable 
change in depressive symptoms from baseline to 8 months following DBS. 

Results: Results showed that lower ventromedial prefrontal cortex connectivity with the 
posterior cingulate cortex and higher ventromedial prefrontal cortex connectivity with the 
dorsolateral prefrontal cortex predicted a better response to DBS.    

Conclusion: This study suggests that resting state default mode network connectivity is 
a predictive marker for the clinical response to nucleus accumbens DBS in TRD. Patients 
with weaker connectivity within the default mode network and stronger connectivity to the 
dorsolateral prefrontal cortex are more likely to benefit from nucleus accumbens DBS.  
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INTRODUCTION 

About 33% of patients with major depressive disorder (MDD) do not achieve remission after 
administering various treatment options (1,2). Deep brain stimulation (DBS) has recently 
emerged as a potential treatment for otherwise treatment resistant depression (TRD). DBS is 
a neurosurgical technique in which electrodes are implanted in specific brain areas and are 
subcutaneously connected to a neurostimulator. The neurostimulator sends electric pulses 
to the electrodes, aiming to modulate brain activity. In the last decade several studies have 
reported promising effects of DBS in TRD, targeting different brain areas: the Subcallosal 
Cingulate gyrus (3-5), Ventral Capsule/Ventral Striatum (6), Medial Forebrain Bundle (7) and 
Nucleus Accumbens (8-10). The majority of these studies reported a response rate of around 
50% (3,5,6,11), although one small study (n=8) using the Medial Forebrain Bundle as target 
showed a response rate of 87.5% (7). Because DBS is an extremely invasive and expensive 
therapy the identification of predictive markers for treatment response is an unmet and highly 
relevant need. Therefore prediction of treatment-outcome of DBS can prevent unsuccessful 
surgery, disappointment after high expectations and reduce medical costs.
 An important network in the pathophysiology of MDD is the default mode network 
(DMN), which includes the medial prefrontal cortex (MPFC), the precuneus, the posterior 
cingulate cortex, and the medial, lateral and inferior parietal cortex (12,13). The DMN exhibits 
higher metabolic activity at rest than during performance of externally oriented cognitive 
tasks and underlies the mental process of introception – the mind turning inward as it moves 
away from externally focused thoughts (14). The DMN has been implicated in rumination, 
self-referential processing, and episodic memory retrieval and has consistently been shown 
to be abnormal in MDD. Recently, functional connectivity MRI has emerged as a method 
that quantifies the temporal correlation of neural activity patterns of anatomically distinct 
brain regions (15,16), and as such measures the functional interaction between brain areas. 
Abnormal functional connectivity of the DMN has been described by various studies in 
MDD (17-21), reporting both increased (17,18,20,21) and decreased (19,21) within network 
connectivity. In addition, we previously demonstrated abnormal functional connectivity 
within the DMN in TRD patients relative to non-treatment resistant depressive patients (22).     

The aim of the present study was to investigate whether DMN connectivity could 
predict the clinical response to DBS targeted in the nucleus accumbens in TRD. We included 
17 TRD patients and obtained resting state functional connectivity MRI three weeks in 
advance of the DBS procedure, and correlated VMPFC functional connectivity with the clinical 
improvement of each patient eight months following DBS implantation. 
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METHODS
Patients

TRD patients were recruited at the Departments of Psychiatry of the Academic Medical 
Center (AMC) in Amsterdam and St. Elisabeth Hospital in Tilburg, The Netherlands. The study 
was approved by the Medical Ethical Committees of both hospitals and all subjects provided 
written informed consent. General inclusion criteria were: (i) age between 18 and 65 years; (ii) 
total HAM-D ≥18; (iii) primary diagnosis of MDD according to the DSM-IV criteria and assessed 
by the structured interview for DSM-IV (SCID) (23). To capture the most severely treatment 
resistant patients, we included only patients with an illness duration >2 years, who did not 
respond to (i) at least two adequate treatments of two different antidepressants, AND (ii) a 
tricyclic antidepressant, AND (iii) an irreversible monoamine oxidase (MAO) inhibitor, AND (iv) 
at least 6 sessions of bilateral ECT. Exclusion criteria were: (i) Parkinson’s disease, dementia or 
epilepsy; (ii) schizophrenia or a history of a psychosis unrelated to MDD; (iii) bipolar disorder; 
(iv) alcohol or substance abuse (including benzodiazepines) during last 6 months; and (v) 
antisocial personality disorder. 

We used the Hamilton Depression Rating Scale (HAM-D) to quantify depression 
severity (24). Treatment response was defined as ≥50% reduction of HAM-D scores. Remission 
was defined as HAM-D score ≤7. The Dutch Adult Reading Test (DART) (25), a Dutch version of 
the National Adult Reading Test (26) was used to estimate the intelligence quotient, and the 
Maudsley Staging Method (MSM) to quantify the level of treatment resistance (27).

Surgical procedure

Implantation technique of DBS is described in more detail elsewhere (28). In brief, the 
implantation of the electrodes was performed according to standard stereotactic procedures 
using frame-based MRI for target determination. All patients were implanted bilaterally with 
four-contact electrodes (model 3389 Medtronic, Minneapolis), contact points being 1.5 
mm long and separated from adjacent contacts by 0.5 mm. The contacts are coded from 
0 (ventral) to 3 (dorsal) and are independently programmable. Electrodes were implanted 
following the dorso-ventral trajectory of the anterior limb of the internal capsule into the 
target nucleus. Target coordinates for the electrode tip were 7 mm lateral to the midline, 
3 mm anterior to the anterior border of the anterior commissure, and 4 mm inferior to the 
intercommissural line. Electrodes were connected to Activa PC stimulators (Medtronic, 
Minneapolis), and placed in an infraclavicular pocket. 

MRI Data Acquisition

All resting-state and structural MRI data were acquired prior to neurosurgery on a 3.0 Tesla 
MRI scanner (Philips Intera, Philips Medical Systems, Best, the Netherlands) in the AMC, with 
body coil excitation and an 8-channel SENSE head coil. The head was held in place with a 
headphone and foam-pads. For the functional resting-state scan the following parameters 
were used: echo time 30 ms, repetition time 2300 ms, flip angle 80°, matrix 96x96, number of 
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slices 35, slice gap 0 mm, slice thickness 3mm, ascending slice order, field of view 220x220 
mm2, voxel size 3x2.29x2.29 mm3, SENSE factor 2. In total 200 dynamics were acquired with 
a total duration of 7 minutes and 51 seconds. For anatomical co-registration a 7-minute 
T1-weighted structural image was acquired with the following parameters: repetition 
time 9.567ms, echo time 4.60ms, flip angle 8°, field of view 218x226x226 and voxel size 
2x0.883x0.883.  

fMRI data analysis

Statistical Parametric Mapping (SPM8, Wellcome Trust Center for Neuroimaging, London, 
United Kingdom; http://www.fil.ion.ucl.ac.uk/spm/software/SPM8) was used for the following 
preprocessing steps: realignment to correct for subject motion; slice timing; coregistration of 
functional and structural data; spatial normalization into standard stereotactic space using 
a template from the Montreal Neurological Institute (MNI) and resampling to 4 mm isotropic 
voxels; smoothing of data with an 8mm Gaussian kernel. 

Functional connectivity analysis

For this study we performed seed region functional connectivity analyses to investigate 
network connectivity. The Resting-State fMRI Data Analysis Toolkit (REST) software package 
(http://resting-fmri.sourceforge.net) was used for the functional connectivity analysis. The 
VMPFC is a key hub within the DMN and was therefore selected as seed region. Following the 
studies of Fox (29) and Biswal (30) the VMPFC was defined as a sphere (radius= 4 mm) around 
the coordinates (-1, 47, -4 mm), which is based on a meta-analysis of network activation 
during rest (31). 

Using REST, the linear trend of the MRI time series of each subject was removed 
and data were filtered with a bandpass filter between 0.01 and 0.08 Hz. Next, we derived 
estimates of white matter, CSF and global brain signal fluctuations as well as head 
movement to include in the regression analyses. Voxel-wise correlation analyses were 
performed between each seed region and the rest of the brain. The correlation coefficients in 
each voxel were transformed to Z-scores using the Fisher r-to-z transformation to adjust the 
variance of correlation coefficients for group level comparisons. The Fisher’s Z-scores of each 
subject were entered in a second level analysis to determine the differences in functional 
connectivity. Statistical tests were family wise error (FWE) rate corrected (p<0.05) for multiple 
comparisons at cluster level (height threshold of p<0.01 uncorrected). 

DBS prediction analysis 

To investigate whether resting state functional connectivity prior to treatment was predictive 
for clinical response to DBS in TRD patients, we performed a regression analysis between 
VMPFC connectivity and the percentage of change in HAM-D scores 8 months following DBS-
implementation compared to HAM-D scores at baseline (±3 weeks before the DBS procedure). 
The percentage change of HAM-D scores was calculated as follows: 
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To ensure normality of the distribution, we performed a square root transformation of 
the scores after first adding 100 to ensure positive numbers. The transformed scores were 
subsequently entered in the regression analysis. To correct for potential effects of age and 
gender at baseline we additionally included these variables as covariates in the analysis. 
Finally, to investigate the influence of depression severity and the level of treatment resistance 
on the prediction analysis we included baseline HAM-D and MSM scores as covariates in the 
analysis. 
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RESULTS 
Patients and clinical response 

We included 17 TRD patients (Table 1). All patients used different psychotropic drugs, and 
all had received ECT previously during their course of treatment. Fifteen patients received 
their last ECT treatment more than 3 months before scanning, and two patients more than 2 
weeks before scanning. The mean HAMD-score was 21.9 (±5.3), mean duration of the current 
episode was 83.3 (±44.6) and the mean MSM score was 12.0 (±1.8), reflecting a severely ill 
and highly treatment resistant sample. At eight months, eight TRD patients were classified as 
responders and nine as non-responders. 

TABLE 1. DEMOGRAPHIC AND CLINICAL CHARACTERISTICS OF DBS PATIENTS 

Characteristics DBS patients (n=17)

Age (SD) 52.5 (9.3)

Gender (m/f) 8/9

HAM-D at baseline (SD) 21.9 (5.3)

HAM-D 8 months follow-up (SD) 14 (10)

Duration of current episode in months (SD) 83.3 (44.6)

Responders/non-responders 8/9

IQ estimation 95.3 (13.9)

MSM-score (SD) 12  (1.8)

Medication use 17/17

Abbreviations: DBS ; Deep Brain Stimulation, TRD ; treatment resistant depression, HAM-D ; Hamilton Depression 
Rating Scale, IQ; Intelligence Quotient, SD; Standard deviation, m/f; male/female, Responders; ≥50% reduction 
of HAM-D scores, Remitters; HAM-D score ≤7, MSM; Maudsley Staging Method.
1 Use of antidepressants at time of scanning: selective serotonin reuptake inhibitor (n=4), selective noradrenalin 
reuptake inhibitor (n= 2), tricyclic antidepressant (n=2), Monoamine oxidase inhibitor (n= 2), and typical or 
atypical antipsychotics (n= 10).  

Functional connectivity and DBS prediction analysis

First, we probed the DMN by assessing whole-brain voxel-wise correlations with the VMPFC 
seed region (p<0.05 FWE corrected). This procedure showed a network recognized as the 
DMN, consisting of the VMPFC, anterior cingulate cortex, posterior cingulate cortex/precuneus 
and inferior temporal lobe. 
 For prediction of DBS response we performed a regression analysis between resting 
state VMPFC functional connectivity assessed at baseline and the transformed percentage 
change in HAM-D scores from baseline (before DBS implantation) to 8 months following DBS 
(figure 1). This analysis showed a positive correlation between the functional connectivity 
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between the VMPFC and posterior cingulate cortex/precuneus (p<0.001, whole brain FWE 
corrected) and the square root of the change in HAM-D scores and. This suggests that lower 
within connectivity of the DMN is predictive of a better response to DBS. Furthermore, 
we found that functional connectivity between the VMPFC and right DLPFC was inversely 
correlated with the square root of the change in HAM-D scores (p=0.002, whole brain FWE 
corrected). This suggests that higher connectivity between the DMN and DLPFC is predictive 
for a better response to DBS. These results remained significant after correcting for age and 
gender and also after correcting for HAM-D and MSM scores at baseline.   
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Figure 1. Resting-state connectivity prior to DBS implantation predicts the clinical response to DBS.                 
A) Significant positive correlation between the square root of the relative change in HAM-D scores (8 months 
following DBS treatment compared to baseline) and functional connectivity between the VMPFC and the 
PCC/precuneus (p<0.001, whole brain FWE corrected), suggesting that weaker connectivity within the DMN is 
predictive for a better response to nucleus accumbens DBS. B) Significant negative correlation between the 
square root of the relative change in HAM-D scores (8 months following DBS treatment compared to baseline) 
and the functional connectivity between the VMPFC and right DLPFC (p=0.002, whole brain FWE corrected), 
suggests that stronger connectivity between the DMN and DLPFC is predictive for a better response to nucleus 
accumbens DBS. The left panels illustrate the significant clusters (p<0.05 corrected) at p<0.01 uncorrected in 
MNI space, and the right panels illustrate the correlations at the peak voxel.
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DISCUSSION 

This study shows that DMN functional connectivity predicted the relative change in HAM-D 
scores 8 months after implantation and optimization of DBS (targeted in the nucleus 
accumbens) in TRD. Lower functional connectivity within the DMN and higher connectivity 
between the DMN and cognitive control network were predictive for a better response to DBS. 
These results were not influenced by age and gender nor by depression severity or the level 
of treatment resistance at baseline. These results suggest that DMN functional connectivity 
might represent a prognostic marker for DBS efficacy in this severe group of TRD patients.   
 Although our association between DMN FC and outcome of DBS was not reported 
before, prediction of treatment outcome has been investigated before in neuromodulatory 
(like DBS and rTMS), pharmacological and psychotherapeutical studies. Broadway et al. 
conducted a DBS study targeted at the subcallosal cingulate white matter and performed 
pre-treatment resting state EEG (32). These authors demonstrated that frontal theta 
concordance both at baseline as well as changes early in treatment predicted 6-months 
response to subcallosal cingulate DBS. Such EEG theta frequencies are associated with 
emotion processing and self-oriented cognition (33) which are impaired in MDD (34). A meta-
analysis including both fluorodeoxyglucose PET and functional MRI studies, employing 
either cognitive behavioral treatment or pharmacological treatment, showed that increased 
activity of anterior cingulate cortex, orbitofrontal cortex and –importantly- also the MPFC 
predicted a positive response to both treatments (35). In line with these results another 
meta-analysis from Pizzagalli et al reported that increased pre-treatment pregenual anterior 
cingulate activity predicted a better antidepressant response to a variety of treatment 
modalities including various drugs, electroconvulsive therapy and repetitive Transcranial 
Magnetic Stimulation (rTMS). Furthermore, a pretreatment functional connectivity study in 
MDD showed that the degree of resting state connectivity between several brain regions, 
especially between subcallosal cortices and left anterior cingulate cortex, was robustly 
correlated with treatment outcome after 8 weeks of antidepressant drugs (36). Interestingly, 
like in our study, a recent rTMS study of the dorsomedial prefrontal cortex in TRD patients 
showed that higher connectivity between dorsomedial prefrontal cortex and a MPFC cluster, 
including subgenual ACC and VMPFC, was associated with a better response to rTMS 
treatment (37). 
 These studies together suggest that MPFC activity and connectivity represents a 
general biomarker of response across different treatment modalities including DBS, rTMS, 
cognitive behavioral therapy and pharmacological treatment. The VMPFC and pregenual 
anterior cingulate are anatomically closely related and are suggested to have similar functions 
(38). The findings of Pizzagalli et al. who reported that pregenual anterior cingulate activity 
is predictive for treatment response of different modalities (including electro convulsive 
therapy) (39), therefore is comparable to the MPFC findings which provides more evidence 
for a general biomarker. In contrast, although the mechanism of action for DBS is not well 
understood, its mechanism of action is likely to be different from various antidepressant 
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medications and cognitive behavioral therapy (32). However, as none of the patients had 
responded to other treatments, this might suggest our results are specific biomarkers for 
nucleus accumbens DBS.  
 The negative correlation between the change in the square root of the change 
in HAM-D scores and functional connectivity between VMPFC and right DLPFC suggests 
that lower connectivity between these regions is associated with more severe depressive 
symptoms. The DLPFC is key hub within the cognitive control network which also includes 
the executive portions of the anterior cingulate cortex and the pre-supplementary motor 
areas (pSMA) (40). This network is involved in control processes during goal directed oriented 
tasks and regulation of emotional responses (41). Furthermore, it has been suggested that the 
cognitive control network, particularly mediated by the DLPFC, regulates the DMN (42) and 
that aberrant cognitive regulation in MDD leads to excessive self-focus and rumination (43). 
The connectivity between these two networks however has not been investigated widely. 
Decreased functional connectivity between these networks has been demonstrated in MDD 
patients before (43), as well as specifically in TRD patients compared to healthy controls 
(19). Therefore, the present results support the evidence for a functional disconnection 
between the DMN and cognitive control network, also in these severely TRD-patients, which 
may lead to impaired regulation of the DMN, leading to persistent depressive symptoms like 
rumination, increased self-focus and diminished attention for the external world.
 We acknowledge several limitations of the present study. First, the present sample 
size (n=17) was relatively small when compared to typical functional MRI studies. However, 
since we captured a severe group of TRD patients with strict inclusion criteria it is quite 
complicated to enlarge this sample, and in fact, this could be seen as quite a large sample 
size to study prediction of outcome of DBS in severe TRD. A second limitation is the lack 
of randomization to a placebo arm and a comparative treatment arm and randomization 
which makes it difficult to differentiate whether the results were specific for DBS treatment 
or result from non-specific clinical improvement over time (i.e. a placebo-response) or late 
improvement due to  antidepressant treatment. However given the low placebo-response in 
chronic MDD and TRD, we think that it is likely that our findings are specific for DBS. 
 In conclusion, this study suggests that resting state functional connectivity of the 
DMN is a prognostic marker for the clinical response to nucleus accumbens DBS in this 
group of patients with treatment resistant depression. We showed that lower connectivity 
within the DMN and higher connectivity between the DMN and DLPFC was associated with 
a better response to DBS. It remains unclear whether these findings are specific for nucleus 
accumbens DBS or whether these results represent a more general predictive marker for TRD 
patients which is generalizable across different treatment modalities. 
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SUMMARY

Part I of this thesis provides a general introduction and outline of the work presented in 
this manuscript (Chapter 1). Part II of this thesis consisted of two studies pointing at the 
neurobiological mechanisms of MDD (Chapter 2 and 3). In chapter 2 the neural interaction 
within and between the dorsal and ventral network was investigated by use of a voxel based 
meta-analysis of functional connectivity MRI studies in MDD patients. For the ventral network 
meta-analysis 18 studies were included which showed reduced FC with the dorsolateral 
prefrontal cortex (DLPFC), insula, and caudate nucleus, and increased FC with the temporal 
pole and inferior frontal cortex. For the dorsal network meta-analysis 10 studies were 
included and showed reduced FC with the DLPFC and cingulate gyrus, but also increased FC 
with a more posterior region in the DLPFC. These findings not only support the limbic-cortical 
dysregulation model as discussed in the introduction and further explained in chapter 2, but 
also provide evidence for a disconnection between the ventral and dorsal network. This 
disconnection may be associated with an impairment in executive function, i.e. decreased 
cognitive control, and regulation of affective states which may lead to depressive symptoms 
through decreased top-down control of ventral limbic areas.
In chapter 3, the pathophysiology of major depression was further disentangled by 
investigating the relation between structural and functional connectivity in MDD patients 
relative to healthy controls. Using a multimodel imaging approach functional connectivity 
MRI was used to assess the neural interaction between the subgenual ACC and the medial 
temporal lobe while we applied DTI tractography to assess white matter integrity of the 
uncinate fasciculus. This association is important since the subgenual ACC and medial 
temporal lobe are connected by the uncinate fasciculus. This study demonstrated reduced 
fractional anisotropy of the uncinate fasciculus reflecting reduced white matter integrity. 
In parallel, increased functional connectivity between the subgenual ACC and the medial 
temporal lobe in MDD patients relative to healthy controls was demonstrated by use of a 
facial affect paradigm. Interestingly, results showed that uncinate fasciculus integrity was 
negatively associated with subgenual ACC functional connectivity in MDD patients, but 
not in healthy controls. These findings led to the hypothesis that structural abnormalities 
of the uncinate fasciculus lead to increased functional connectivity between the subgenual 
ACC and the medial temporal lobe in MDD patients. In addition, this negative structure-
function relation was positively associated with depression severity which suggests a 
more pronounced compensatory increased functional connectivity within the frontolimbic 
network in severe MDD as a result of decreased uncinate fasciculus integrity.

In part III of this thesis the neurobiological mechanisms of TRD were investigated (Chapter 4 
and 5). At present, only few functional neuroimaging studies investigated TRD pathophysiology 
(1,2). Therefore, in chapter 4 resting state functional connectivity of three neurocognitive 
networks, the salience network (SN), the default mode network (DMN) and cognitive control 
network (CCN) was performed using a seed based approach. This study identified decreased 
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functional connectivity in TRD relative to both non-TRD and healthy controls between the 
dorsolateral prefrontal cortex and angular gyrus which suggests reduced FC between the 
CCN and DMN. Results also showed reduced FC between the medial prefrontal cortex and 
precuneus/cuneus in TRD relative to both non-TRD and healthy controls which suggests 
reduced FC between the anterior and posterior DMN. This study therefore shows that severe 
TRD is specifically associated with reduced connectivity between neurocognitive networks 
relative to non-TRD and healthy controls.  

In chapter 5 we investigated dopaminergic neurotransmission in TRD. [123I]IBZM 
single photon emission computed tomography (SPECT) was used to examine striatal 
dopamine D2 and D3 receptor (D2/3R) binding. 6 severe TRD patients (TRD group), 11 severe 
TRD patients on antipsychotics (TRD AP group) and 15 matched healthy controls were 
included. The preliminary results showed no difference in striatal D2/3R availability between 
the TRD group and healthy controls, and a significantly decreased D2/3R availability (reflecting 
occupancy of D2/3Rs by antipsychotics) in the TRD AP group relative to the TRD group and 
healthy controls. However, there were no differences in clinical symptoms between these 
TRD AP and TRD patients. Although this  study lacks power to estimate small differences in 
D2/D3 availability between TRD and HC, this preliminary study does not provide evidence for 
large differences in D2/3 availability in severe TRD patients and suggests this TRD subgroup 
is not characterized by altered dopaminergic transmission. Atypical antipsychotics appear to 
have no clinical benefit in this unique group of severe TRD patients who remain depressed, 
despite their strong occupancy of D2/3Rs.  

Part IV of this thesis focused on the efficacy of DBS targets is TRD patients (Chapter 6) as 
well as on the development of biological markers to predict treatment response to Deep 
Brain Simulation (DBS) of the nucleus accumbens (Chapter 7). DBS has recently emerged as 
a potential treatment for TRD.

Chapter 6 aimed to clarify the efficacy of different DBS targets in TRD as well as 
the future directions of these targets. The following DBS targets have been used so far: 
the Subcallosal Cingulate Gyrus (3-5), Ventral Capsule/Ventral Striatum (6), and Nucleus 
Accumbens (7). These studies reported an overall response rate of around 50% with very 
limited side effects directly related to the stimulation. These preliminary findings suggest 
similar efficacy of the DBS targets. These studies however did not randomize the patients to 
sham or active stimulation making it impossible to rule out placebo effects. Future studies 
should therefore perform randomized, double blind, crossover studies. 

Chapter 7 aimed to develop a pretreatment biological marker for DBS of the 
nucleus accumbens. Resting state functional MRI scans prior to DBS implantation were 
obtained. Seed region functional connectivity analyses of the ventral medial prefrontal 
cortex (VMPFC) were then assessed to investigate whether DMN connectivity predicted the 
response to nucleus accumbens DBS 8 months following surgery. Results showed that lower 
ventromedial prefrontal cortex connectivity with the posterior cingulate cortex and higher 
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ventromedial prefrontal cortex connectivity with the dorsolateral prefrontal cortex predicted 
a better response to DBS. These findings suggest that resting state DMN connectivity might 
be a predictive marker for nucleus accumbens DBS in TRD patients. In addition, these results 
suggest that weaker connectivity within the DMN and stronger connectivity between the 
DMN and dorsolateral prefrontal cortex were associated with a better response to DBS.      
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GENERAL DISCUSSION 

The central theme of this thesis was to investigate the neurobiological mechanisms of TRD 
by use of functional and structural connectivity analyses. Therefore, the general discussion 
first focuses on the neurobiological mechanism of MDD and then moves towards the 
neurobiological mechanisms of TRD.   

FUNCTIONAL CONNECTIVITY

The limbic-cortical dysregulation model (8,9) which is based on conventional neuroimaging 
studies hypothesizes that MDD is characterized by a dysregulation between the dorsal and 
ventral network (10,11). These networks together are also known as the frontolimbic network 
(12,13). More specifically, it has been suggested that decreased cognitive control of the dorsal 
network on the ventral network causes depressive symptoms such as a predominantly 
negative affective states. However, this model is based on conventional neuroimaging 
studies which do not allow inference on the interaction between brain areas. Functional 
connectivity MRI does investigate the functional interaction between brain networks (14,15). 
The meta-analysis of chapter 2 showed decreased connectivity between the ventral and 
dorsal network in MDD patients relative to healthy controls, which not only supports the 
limbic-cortical dysregulation model but also suggests a functional disconnection between 
these networks, i.e. impaired between network communication. Chapter 4 showed reduced 
functional connectivity between the CCN and DMN in TRD patients relative to healthy 
controls but not in non-TRD patients relative to healthy controls. Although this chapter did 
not investigate the connectivity between the ventral and dorsal network it is in line with 
chapter 2 since both studies showed decreased between network connectivity in depressive 
patients. 

The meta-analysis of chapter 2 showed increased FC within the ventral network 
in MDD patients which is corroborated by chapter 3 which showed increased FC within 
this network by use of a facial affect paradigm in MDD patients relative to healthy controls. 
The increased FC within the ventral network is in line with both functional MRI and PET 
studies in which consistently increased metabolism and activity was reported within limbic 
and subcortical regions in MDD patients (9,16-22). The present findings therefore suggest 
that MDD is not only characterized by ventral network hyperactivity but also by increased 
functional connection between regions within this network. This increased FC may underlie 
the increased sensitivity to negative emotional stimuli and the difficulty in disengaging from 
them, which is contained in the construct of negative bias in depression (23,24). 

The TRD patients investigated in chapter 4 and 5 were administered to at least 
four different antidepressants and ≥6 sessions of bilateral ECT before they were included for 
neuroimaging scans. Interestingly, antidepressant medication has been found to increase 
functional connectivity between the ACC and limbic areas and normalize DMN dysfunction in 
depressive patients (25,26). These findings raise the question why antidepressants in these 
TRD patients do not sufficiently improve the functional connectivity between the mood 
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regulating networks to eventually normalize depressive symptoms. Here we propose several 
explanations. First, the functional connectivity decreases in the TRD patients might have been 
grossly abnormal and severely decreased, so that normal levels of connectivity could not be 
reached. Thus, antidepressants might have normalized between network connectivity to a 
certain level but not sufficiently to reach normal levels of connectivity. Second, underlying 
structural abnormalities within and between the investigated networks might have prevented 
normalization of abnormal between network connectivity. Several studies showed reduced 
fractional anisotropy (FA) in the middle frontal gyrus (27) and bilateral hippocampus (28) in 
TRD patients relative to controls suggesting decreased white matter integrity of these areas 
which are part of the ventral network. These underlying structural abnormalities in TRD 
patients and their relation with functional connectivity will be discussed in the following 
paragraphs.         

STRUCTURAL CONNECTIVITY

Diffusion tensor imaging (DTI) is an MRI technique that enables the visualization of white 
matter integrity. DTI quantifies white matter microstructure, including the orientation and 
integrity of white matter tracts, by detecting the diffusion of water in neural tissue in vivo 
(29). A high fractional anisotropy (FA) reflects intact axonal membranes and myelin sheaths, 
whereas a low FA reflects abnormal white matter integrity (30). Chapter 2 showed decreased 
FC between the ventral and dorsal network in MDD patients which suggests a functional 
disconnection between both networks. Given that white matter tracts represent the primary 
infrastructure for long distance communication in the brain, i.e. structural connectivity, 
abnormalities of white matter integrity might underlie between network functional 
abnormalities.
 Chapter 3 showed decreased FA of the uncinate fasciculus in MDD patients relative to 
healthy controls reflecting decreased integrity of this white matter tract in MDD. The uncinate 
fasciculus connects the medial temporal lobe (including the amygdala and hippocampus) 
with the subgenual ACC and OFC, areas are part of the ventral network (31,32). Decreased 
white matter integrity in MDD is corroborated by many DTI studies (33-36). A recent intriguing 
study used DTI tractography to examine whole brain structural networks (34). Network-based 
statistics were used to assess differences in the interregional connectivity and demonstrated 
structural connectivity abnormalities in MDD patients relative to controls in both the DMN 
including the precuneus and PCC and the frontolimbic network including the OFC, thalamus 
and caudate. Furthermore, a voxel based meta-analysis of 11 DTI studies showed decreased 
FA in patients with MDD of the right frontal lobe, right fusiform gyrus, left frontal lobe and right 
occipital lobe (35). Fiber tracking analyses in this meta-analysis showed that the involved 
white matter tracts included the right inferior longitudinal fasciculus (connecting visual areas 
to the amygdala and hippocampus), right inferior fronto-occipital fasciculus (connecting the 
ventral occipital lobe to the OFC), right posterior thalamic radiation and interhemispheric 
fibers running through the genu and body of the corpus callosum. These finding together 
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suggest that MDD is characterized by abnormal white matter integrity within and between 
the ventral and dorsal network. 
 Although this thesis did not investigate white matter integrity in TRD patients, it was 
investigated by several DTI studies. Relative to healthy controls decreased FA values were 
reported in TRD patients in the right anterior limb of internal capsule, the body of corpus 
callosum, and bilateral external capsule (37) as well as in the left middle frontal gyrus and left 
limbic lobe uncus (38). Another study showed decreased FA values in bilateral hippocampus 
in TRD patients relative to non-TRD patients (28). Thus, TRD and non-TRD both showed 
structural abnormalities in regions part of the frontolimbic network, but when limited to 
the hippocampus these abnormalities were more impaired in TRD patients. If white matter 
abnormalities indeed underlie the between network functional abnormalities, impaired white 
matter abnormalities in TRD patients may also result in impaired functional abnormalities. 
However, the relation between structural and functional connectivity in TRD patients as well 
as in MDD patients remains unclear and will be discussed in the next chapter. 

RELATION BETWEEN STRUCTURAL AND FUNCTIONAL CONNECTIVITY

A recent study showed that interhemispheric resting state functional connectivity is 
diminished in cases of agenesis of the corpus callosum (39) and is almost completely abolished 
directly after callosotomy (40,41). Another study in healthy control subjects reported a strong 
relation between structural connectivity and resting state functional connectivity between 
regions that show a strong structural connection (42). Furthermore, another study in healthy 
controls showed that DMN functional connectivity was based on a distinct pattern of white 
matter connectivity of the cingulate bundle and associated fiber tracts (43). These findings 
together provide evidence for a relation between structural and functional connectivity, and 
moreover that functional connectivity is based on distinct patterns of structural connectivity. 
Chapter 3 specifically investigated this structure-function relation in MDD and showed that 
uncinate fasciculus integrity was negatively associated with functional connectivity between 
the subgenual ACC and medial temporal lobe in MDD patients, but not in healthy controls. 
This suggests that these structural abnormalities (depression trait) may lead to functional 
abnormalities (depression state). This structure-function relation has not been investigated 
in TRD patients. Zhou et al reported more impaired white matter integrity of bilateral 
hippocampus in TRD relative to non-TRD (44). Regarding the findings in MDD, we speculate 
that aggravated white matter abnormalities in TRD would also lead to more impaired 
functional connectivity differences in TRD. 

These underlying structural abnormalities may also explain that treatment of 
functional abnormalities with antidepressants may lead to contemporary improvement of 
depressive symptoms but will eventually fail to prevent future depressive episodes (45). This 
raises the hypothesis that structural abnormalities have to be treated first in order to reach 
sustained remission. Little is known about specific treatment of white matter abnormalities, 
however several treatment studies showed improvement of white matter integrity in both TRD 
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and non-TRD patients(38,46). First, a DTI study showed that high-frequency rTMS (repetitive 
transcranial magnetic stimulation) increases white matter FA in the left middle frontal gyrus 
in young TRD patients (38). In addition, animal research showed that rTMS promotes the 
growth of myelin sheaths, changes the diffusion of water molecules, and subsequently 
improved white matter FA (38). Another animal study reported that  rTMS induces positive 
effects of neuroplasticity markers such as brain derived neurotrophic factor (BDNF) which 
regulates synaptic strength and mediates plasticity (47). Second, psychotherapy increases 
frontal white matter integrity of the right thalamus in MDD patients (46). This suggest that 
rTMS and psychotherapy improve structural connectivity of the frontolimbic network in MDD 
patients and therefore may lead to prevention of future depressive episodes.

THE DOPAMINE SYSTEM AND ITS RELATION WITH STRUCTURAL AND FUNCTIONAL 
CONNECTIVITY

Aberrant dopaminergic neurotransmission is associated with dysfunctional reward systems 
and anhedonia; the absolute or relative inability to experience pleasure. Anhedonia is one 
of the two key symptoms required for the diagnosis of MDD (48). In TRD, anhedonia is often 
more profound and long-lasting then in MDD and is associated with a deficiency of the 
reward systems in the brain (49). Reward and motivation are mediated by the mesolimbic 
system, which is one of the major brain dopaminergic tracts (50). Chapter 5 investigated 
dopaminergic neurotransmission in TRD using [123I]IBZM SPECT. This preliminary study 
demonstrated no significant difference in striatal D2/3R availability in TRD relative to healthy 
controls suggesting that this subgroup of severe TRD patients is not characterized by altered 
dopaminergic transmission. In contrast to our results, it has been suggested that particularly 
TRD is associated with dopaminergic dysfunction (50). The present sample of 7 TRD patients 
however might have been too small to detect differences in striatal D2/3R availability.  
Interestingly, several animal studies have demonstrated that the frontal cortex regulates 
the basal release of dopamine in the striatum (51,52). In addition, both human and animal 
studies demonstrated that stimulation of the prefrontal cortex, including the DLPFC, with 
rTMS increases the release of dopamine in the mesolimbic system including the striatum 
and caudate (53-55). The most obvious explanation for this finding is that rTMS directly 
stimulates corticostriatal fibers leading to dopamine release of the striatum and caudate (56). 
Although not investigated in the present thesis several DTI studies showed abnormal white 
matter integrity in TRD patients including the left middle frontal gyrus and internal capsule 
(37,38,44), which are part of the corticostriatal pathway (57). This raises the hypothesis that 
these structural abnormalities of the corticostriatal pathway might lead to altered dopamine 
levels in TRD patients. One study in MDD however specifically investigated corticostriatal FC 
and showed decreased connectivity of both the putamen and thalamus with the left inferior 
frontal gyrus and ACC (58). This functional decoupling of the corticostriatal pathway may 
then lead to decreased top-down control of the frontal cortex which in turn might lead to 
altered striatal dopamine release and might be an interesting suggestion for further research.    
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DEEP BRAIN STIMULATION FOR TREATMENT OF TRD

As discussed in the introduction TRD has been defined as a non-response to two or more 
adequate antidepressants (59,60). In  the present thesis we investigated a severe group of 
TRD patients who did not achieve remission after 4 or 5 treatment steps. In the last decade 
DBS emerged as a potential treatment for these patients. Since DBS is an extremely invasive 
and expensive therapy, the identification of predictive markers for treatment response is an 
unmet need. Interestingly, Chapter 7 showed that reduced connectivity within the DMN and 
increased connectivity between the DMN and dorsolateral prefrontal cortex was associated 
with a better response to nucleus accumbens DBS. Resting state default mode network 
connectivity can therefore be considered as a predictive marker for the clinical response to 
DBS targeted in the nucleus accumbens in severe TRD patients.

Chapter 6 reviewed the efficacy of different brain targets for DBS in MDD including 
the subcallosal cingulate gyrus (subgenual ACC) (3-5), ventral capsule/ventral striatum (6), 
and nucleus accumbens (7). These studies reported an overall response rate of around 50% 
with very limited side effects directly related to the stimulation. For subgenual ACC DBS, 
electrodes are implanted in white matter bundles (3). A DTI tractography study showed that 
subgenual ACC has a distinct anatomical connectivity pattern with the OFC, hypothalamus, 
nucleus accumbens, and amygdala/hippocampus (62), which suggest that subgenual ACC 
DBS either stimulates or deactivates  all these white matter tracts. Furthermore, in ventral 
capsule/ventral striatum DBS, the electrodes follow the dorsoventral trajectory of the 
anterior limb of the internal capsule (ALIC) (6). Depending on the stimulated contact point 
of the electrode either the ventral striatum, ventral capsule or ALIC are stimulated. The 
ALIC connects the medial and anterior thalamic nuclei with the prefrontal cortex and the 
cingulate gyrus (63). Furthermore, our own group performs DBS of the nucleus accumbens 
in OCD but similar targets were used for TRD patients (64) in which it has been reported that 
the accumbens stimulation is actually localized in the ventral internal capsule (65). In sum, 
these findings therefore show that all these DBS targets either stimulate or deactivate white 
matter tracts (3,6). 
 Interestingly, a PET study showed decreased regional cerebral blood flow of 
subgenual ACC, thalamus, anterior insula, orbitofrontal cortex and increased cerebral blood 
flow in prefrontal and dorsal ACC three months following subgenual ACC DBS (66). A similar 
cerebral blood flow pattern was maintained  after 6 months of stimulation. Furthermore, a 
resting state connectivity study in OCD patients showed reduced FC between the nucleus 
accumbens and both the lateral prefrontal cortex and medial prefrontal cortex following 
nucleus accumbens DBS (67). These findings suggest that DBS alters brain activity and 
connectivity between distant brain regions of which the underlying mechanism remains 
to be investigated further. However, the question remains whether DBS first alters the 
neurobiological basis reflected by improved brain activity and connectivity and then improves 
depressive symptoms or, vice-versa, whether DBS first  improves depressive symptoms and 
in turn alters the neurobiological basis or, vice-versa, whether DBS first. 
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Importantly, these findings might have implications for future DBS targeting; DBS 
does not depend on specific stimulation of one brain area but suggests that stimulation 
of white bundles along the whole trajectory of the frontolimbic network would lead to 
improvement of depressive symptoms. Furthermore, using DTI tractography analyses for 
patient-specific DBS targeting might improve electrode placement along the trajectory of 
white matter tracts. One study already demonstrated beneficial effects of patient specific DBS 
targeting in subcallosal cingulate DBS (68). This study showed that patients only responded 
to DBS treatment when electrodes were specifically placed along the trajectory of three 
distinct white matter bundles, including the anterior corpus callosum, the bilateral cingulum 
bundles and the medial branch of the uncinate fasciculus. For our group it might also be 
beneficial to use patient-specific DBS targeting for stimulating the ventral internal capsule.          

LIMITATIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

This thesis aimed to reveal neurobiological mechanisms of TRD. However, some limitations 
should be considered and recommendations for future research must be discussed. In this 
thesis we performed cross-sectional studies to elucidate the neurobiological mechanisms 
of TRD. Chapter 4 demonstrated decreased FC between the CCN and DMN in TRD patients 
but not in non-TRD patients. However, the cross sectional design cannot determine how 
the current findings of decreased functional connectivity in these patients evolve over time 
or develop when TRD becomes apparent. Therefore, a longitudinal design is needed with 
preferably repeated scanning to assess evolving FC patterns. An ideal design to entangle 
the neurobiological mechanism of TRD would be to perform MRI scanning at baseline, 
then administer antidepressant treatment, followed by a second MRI scan in a group of 
responders as well as a group of non-responders to treatment, followed by repeated scans in 
successive treatment steps. A longitudinal approach has several additional advantages: it is 
more powerful for a fixed number of subjects, it allows each subject to be his/her own control 
and can provide information about individual change (69). 
 In chapter 4 and 5 a strict TRD definition was used in which patients were included 
when not responding to at least five different treatment steps including antidepressants(SSRIs. 
SNRIs, TCAs and MAO-inhibitors) and ≥6 sessions of bilateral ECT. However, there is no 
well accepted definition for TRD which impairs reliable comparison between studies 
(70,71). A systematic review identified several definitions ranging from nonresponse to one 
antidepressant (administered for ≤4 weeks) to a failure of response to multiple adequate 
trials of different classes of antidepressants and ECT (70). Therefore it is necessary to develop 
a general definition for TRD in order to reliable compare neuroimaging studies. Preferably, 
several definitions have to be developed in order to reveal the neurobiological mechanisms 
of TRD during different stages of the disease. 
 Chapter 7 showed that lower ventromedial prefrontal cortex connectivity with the 
posterior cingulate cortex and higher ventromedial prefrontal cortex connectivity with the 
dorsolateral prefrontal cortex predicted a better response to nucleus accumbens DBS. This 
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suggests that resting state DMN connectivity is a predictive marker for the clinical response 
to nucleus accumbens DBS in 17 TRD patients. However, this study performed prediction 
analyses only on group level. Performing prediction analyses on individual level is an unmet 
and relevant need. A recent resting state functional MRI study, used a multivariate pattern 
analysis, and revealed two resting-state networks with significant classification accuracy: 
1) a network centered in the dorsomedial prefrontal cortex (including the DLPFC and OFC) 
showing a sensitivity of 84% and specificity of 85%, and 2) a network centered in the ACC 
(including the DLPFC, sensorimotor cortex and parahippocampal gyrus) showing a sensitivity 
of 80% and a specificity of 75% (72). These results suggest that resting-state networks have 
the potential to serve as prognostic neuroimaging biomarkers for individual treatment 
decisions. These techniques should therefore also be used for individual prediction in clinical 
outcome of DBS.

Chapter 5 investigated dopaminergic neurotransmission in 6 TRD patients using 
[123I]IBZM SPECT and showed no significant difference in striatal D2/3R availability relative to 
healthy controls suggesting that this subgroup of severe TRD is not characterized by altered 
dopaminergic transmission. However, this sample might be too small to detect differences in 
striatal D2/3R availability. The standardized effect size was small (d=0.21) which implies that 
343 patients should be included to demonstrate a significant group difference (at a statistical 
power of 0.8). These results have to replicated by future studies which should first perform a 
pilot study to calculate the effect size. As hypothesized above both structural and functional 
abnormalities of the corticostriatal pathway might lead to altered dopamine levels. Future 
studies should therefore perform a multimodal neuroimaging approach to investigate these 
relations between dopaminergic neurotransmission as measured with either SPECT or PET 
imaging and both structural and functional connectivity of the corticostriatal pathway in TRD 
and non-TRD patients. For the connectivity analyses a seed based functional connectivity 
approach should preferably be used to investigate FC between the striatum and both the 
DLPFC and MPFC. For the structural connectivity analyses white matter pathways between 
these areas should be investigated using DTI tractography of white matter tracts connecting 
these brain areas. 

CONCLUSION 

This thesis investigated the neurobiological mechanisms of TRD using functional, structural 
and molecular imaging studies. The first two chapters investigated the neurobiological 
mechanisms of MDD and revealed decreased functional connectivity between the ventral 
and dorsal network and increased connectivity within the ventral network in MDD relative 
to healthy controls. Thereafter, structural connectivity analyses of the uncinate fasciculus 
showed decreased integrity of this white matter tract in MDD patients. These structural 
abnormalities were negatively associated with the functional connectivity between the 
subgenual ACC and medial temporal lobe in MDD patients which suggests that structural 
abnormalities may lead to functional abnormalities. Regarding TRD, this thesis showed that 
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TRD patients are characterized by a specific decreased functional connectivity between 
neurocognitive networks relative to both non-TRD and healthy controls. Furthermore, 
a preliminary [123I]IBZM SPECT study showed no difference in striatal D2/3R availability 
between TRD patients and healthy controls which suggests TRD is not characterized by 
altered dopaminergic transmission. Interestingly, the last study of this thesis showed that 
resting state DMN connectivity is a predictive marker for the clinical response to nucleus 
accumbens DBS in severe TRD patients. However, this study performed prediction analyses 
on group level and not on individual level which should be investigated further. These 
findings together suggests that MDD is characterized by a pathological interaction between 
the dorsal and ventral network which corroborates the limbic-cortical dysregulation model. 
Furthermore, TRD is specifically characterized by abnormal network interaction between 
two neurocognitive networks; the CCN and DMN. Future work should further investigate the 
pathophysiology of TRD by performing structural connectivity analysis of white matter tracts 
connecting the ventral and dorsal network and DMN, and by investigating striatal D2/3R 
availability in larger TRD samples. Longitudinal analyses should determine how functional 
connectivity of neural networks evolves over time, and a general definition of TRD has to be 
developed preferably for different stages of the disease. 
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INLEIDING

Depressie is een syndroom dat wordt gekarakteriseerd door een verstoring van stemming, 
cognitie, motorische functie en homeostatische functie zoals controle van slaap, eetlust en 
libido. Voor de diagnose depressie moet verstoring van deze kenmerken tenminste twee 
weken aanwezig zijn. Verder moet ten minste een van de symptomen depressieve stemming 
of verlies van interesse of plezier in activiteiten aanwezig zijn. Een deel van de patiënten met 
depressie reageren niet of onvoldoende op meerdere conventionele behandelingen en worden 
gedefinieerd als therapie resistente depressie (TRD). TRD is een groot volksgezondheids 
probleem wat resulteert in een grote mentale last voor patiënten en hoge gezondheidzorg 
kosten. In de laatste 10 jaar is diepe hersenstimulatie (DBS) ontwikkeld als een potentiële 
nieuwe behandelingsmethode voor TRD patiënten. DBS is een neurochirurgische techniek 
waarbij elektroden geïmplanteerd worden in specifieke hersenregio’s. In het AMC worden 
de elektrodes in de nucleus accumbens geplaatst. De elektroden zijn verbonden met een 
onderhuidse neurostimulator die elektrische pulsen zend naar de elektrodes met als doel 
hersenactiviteit te beïnvloeden. 

NEUROBIOLOGISCHE MECHANISME VAN DEPRESSIE

Het eerste deel van dit proefschrift onderzoekt de neurobiologische mechanismen van 
depressie. Alvorens hier onderzoek naar te kunnen doen is het noodzakelijk kennis te 
hebben van het basis neurobiologische model van depressie ook wel het limbisch-corticale 
dysregulatie model genoemd. Dit model bestaat uit meerdere netwerken waarvan er twee 
het meest belangrijk zijn: 1. Het ventrale netwerk wat bestaat uit limbische en sub-corticale 
gebieden welke diep in de hersenen gelegen zijn zoals de hippocampus en amygdala (ook 
wel amandelkern genoemd). Dit netwerk is betrokken bij de identificatie van een emotionele 
stimulus en bij het ontwikkelen van een specifieke reactie als antwoord op deze stimulus. 2. 
Het dorsale netwerk wat bestaat uit gebieden in de prefrontale cortex zoals de dorsolaterale 
prefrontale cortex (DLPFC). Dit netwerk is betrokken bij de regulatie van emotionele stimuli 
en gedrag en kan processen in het ventrale netwerk activeren maar ook remmen. Het 
limbisch-corticale dysregulatie model verondersteld dat er bij depressie een abnormale 
interactie bestaat tussen beide netwerken waarbij een verminderde cognitieve regulatie van 
het dorsale netwerk over het ventrale netwerk leidt tot depressieve symptomen zoals een 
sombere stemming en gebrek in plezier in activiteiten (anhedonie). Een ander netwerk wat 
een belangrijke rol speelt bij depressie is het default mode netwerk (DMN). Dit netwerk wordt 
actief in rust en correspondeert met mentale processen zoals introspectie, dagdromen en bij 
depressie juist piekeren ofwel rumineren. 
 Het limbisch-corticale dysregulatie model is gebaseerd op studies die alleen naar 
hersenactiviteit en hersenmetabolisme hebben gekeken. Voor het meten van hersenactivitiet 
wordt gebruikt gemaakt van functionele MRI (fMRI). Deze conventionele techniek heeft als 
nadeel dat het niet de communicatie tussen netwerken kan onderzoeken. Een techniek die 
dit wel mogelijk maakt is functionele connectiviteit (FC). Deze fMRI techniek is gebaseerd op 
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de correlatie van neurale activiteit tussen op afstand liggende hersengebieden binnen een 
bepaalde tijdseenheid. Hierbij wordt ervan uitgegaan dat hoe sterker twee gebieden met 
elkaar gecorreleerd zijn hoe sterker de connectiviteit of interactie tussen beide gebieden is. 
Op dit moment zijn er al vele FC MRI onderzoeken naar depressie verricht waarbij er zowel 
een verhoogde als verlaagde connectiviteit tussen het ventral en dorsale netwerk wordt 
gevonden. Deze inconsistentie vraagt om nader onderzoek. Naast afwijkingen in de grijze stof 
ofwel hersenactiviteit zijn er ook witte stof afwijkingen gevonden bij depressieve patiënten. 
Op dit moment is het nog onbekend hoe deze witte stof afwijkingen ofwel structurele 
connectiviteit in relatie staat met de functionele connectiviteit bij depressieve patiënten.
In hoofdstuk 2 werd een meta-analyse verricht van FC MRI studies bij depressie met als 
doel het cortico-limbische dysregulatie model te testen. In dit onderzoek werd de hypothese 
getoetst dat depressie wordt gekarakteriseerd door een verlaagde connectiviteit tussen 
het ventral en dorsale netwerk. Deze meta-analyse liet een verlaagde connectiviteit zien 
tussen het ventrale netwerk en de DLPFC en insula. Deze resultaten zijn in lijn met het 
cortico-limbische dysregulatie model en bevestigen de gestelde hypothese. Hoofdstuk 3 
onderzocht de relatie tussen functionele en structurele connectiviteit binnen het fronto-
limbische netwerk bij depressie en ook hoe deze relatie gerelateerd is aan de ernst van de 
depressie. Resultaten lieten zien dat lagere structurele connectiviteit van een specifieke witte 
stof baan (de Uncinate Fasciculus) gerelateerd was aan een hogere connectiviteit tussen 
regio’s die met deze witte stof baan zijn verbonden. Dit leid tot de hypothese dat structurele 
veranderingen bij depressie leiden tot veranderingen in functionele connectiviteit. Verder liet 
dit hoofdstuk zien dat bij ernstigere depressie veranderingen in structurele connectiviteit tot 
sterkere veranderingen in functionele connectiviteit leidde.   

NEUROBIOLOGISCHE MECHANISME VAN TRD

Het tweede deel van dit proefschrift onderzoekt het neurobiologische mechanisme van TRD 
wat tot nu toe nog nauwelijks is onderzocht. Het kleine aantal studies die hier wel onderzoek 
naar hebben gedaan zijn vooral activatie studies. Er is tot nu toe slechts een FC MRI studie 
bekend die TRD patiënten hebben onderzocht en deze hebben vergeleken met niet TRD 
patiënten en gezonde controles. De gebrekkige kennis over netwerk connectiviteit bij TRD 
patiënten vraagt daarom om verder onderzoek. Het is verder ook bekend dat er bij depressie 
sprake is van een verminderde dopaminerge neurotransmissie. Dopamine is een belangrijke 
stof in het menselijke brein dat verschillende klinische symptomen van depressie reguleert 
zoals geheugen, motivatie, concentratie en de mogelijkheid plezier te kunnen beleven 
(hedonie). Een verminderde aanwezigheid en/of functionaliteit van dopamine kan daarom 
leiden tot stoornissen in deze functies. Het is echter nog onbekend of er bij TRD patiënten 
ook afwijkingen zijn in de dopaminerge neurotransmissie.
In hoofdstuk 4 werd het neurobiologische mechanisme van TRD onderzocht door FC 
MRI analysen te verrichten ‘in rust’ waarbij TRD patiënten werden vergeleken met niet 
TRD patiënten en gezonde controles. In dit hoofdstuk werd de connectiviteit tussen 3 
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neurocognitieve netwerken onderzocht waaronder het dorsale netwerk en het DMN. De 
resultaten lieten een specifieke verlaagde connectiviteit zien in TRD patiënten ten opzichte 
van de niet TRD patiënten en controles tussen het DMN en het dorsale netwerk. TRD is 
daarom geassocieerd met verlaagde connectiviteit tussen neurocognitieve netwerken. 
Hoofdstuk 5 onderzocht dopaminerge neurotransmissie bij 6 TRD patiënten in vergelijking 
met 15 gezonde controles door naar de binding van dopamine D2 receptoren in het striatum 
te kijken met behulp van een nucleair geneeskundige SPECT scan.  Deze preliminaire studie 
liet geen verschil in dopamine D2 binding zien in TRD patiënten ten opzichte van gezonde 
controles.   

DIEPE HERSENSTIMULATIE EN NEUROBIOLOGISCHE MARKERS VOOR 
RESPONSE

Er zijn op dit moment meerdere studies gedaan naar de effectiviteit van DBS welke 
verschillende breinregio’s stimuleren zoals de subcallosal cingulate gyrus, het ventrale deel 
van de capsula interna en de nucleus accumbens. Deze studies laten allemaal een response 
(meer dan 50% verbetering van depressieve symptomen) zien bij ongeveer de helft van de 
patiënten met zeer weinig bijwerkingen. DBS is een invasieve en dure behandeling waardoor 
het zeer interessant is om te kunnen voorspellen wie er wel en niet op DBS zullen reageren. 
In hoofdstuk 7 werd daarom onderzocht of het mogelijk is met behulp van biologische 
markers dergelijke voorspellingen te kunnen doen. Hierbij werd onderzocht of de FC vanuit 
de ventromediale prefrontale cortex (VMPFC) drie weken voor de DBS implantatie de 
klinische response na 8 maanden stimulatie zou kunnen voorspellen. De resultaten lieten 
zien dat lagere VMPFC connectiviteit met de posterior cingulate cortex en hogere VMPFC 
connectiviteit met de DLPFC voorspellend waren voor een betere respons op DBS. Deze 
resultaten suggereren daarom dat VMPFC ofwel DMN connectiviteit een predictieve marker 
is voor nucleus accumbens DBS.      

CONCLUSIE

In dit Proefschrift werden de neurobiologische mechanismen van TRD onderzocht met 
behulp van functionele, structurele en moleculaire beeldvormende studies. De belangrijkste 
bevindingen zijn dat er 1) sprake is van een verstoorde maar vooral ook verminderde interactie 
tussen het dorsale en ventrale netwerk bij patiënten met depressie. Een verminderde regulatie 
van het ventrale netwerk leid waarschijnlijk tot depressieve symptomen zoals anhedonie en 
een sombere stemming. 2) Dat structurele witte stof afwijkingen ten grondslag liggen aan 
functionele afwijkingen bij depressie. 3) Dat er sprake is van verminderde connectiviteit 
tussen neurocognitieve netwerken in TRD patiënten ten opzichte van niet TRD patiënten en 
gezonde controles zoals onder andere tussen het dorsale netwerk en het DMN. 4) Dat de mate 
van connectiviteit tussen het DMN en de DLPFC voorspellend is voor response op nucleus 
accumbens DBS 8 maanden na start van de stimulatie. 5) Dit proefschrift liet echter geen 
verschillen zien in dopaminerge neurotransmissie zien tussen TRD patiënten en controles. 
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Toekomstig onderzoek moet de neurobiologische mechanismen van TRD verder onderzoeken 
met specifieke aandacht voor witte stof banen die het ventrale en dorsale netwerk met 
elkaar verbinden maar ook of er bij TRD patiënten een relatie bestaat tussen structurele en 
functionele connectiviteit. Ook is het belangrijk om dopaminerge neurotransmissie bij TRD 
patiënten in grotere groepen te gaan onderzoeken. De studies in dit proefschrift zijn allemaal 
cross sectionele studies wat inhoud dat ze op een tijdsmoment gedurende een depressieve 
episode zijn uitgevoerd. Het daarom van belang dat er longitudinale studies worden verricht 
om te onderzoeken hoe functionele en structurele connectiviteit zich ontwikkelen over de 
tijd.
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