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The cingulate cortex has early been described as being one of the largest parts of the 

limbic system (Broca, 1878; MacLean, 1993). It is situated in the medial wall of both 

hemispheres and forms its most prominent feature. Early theories held the view of a 

strong association of the whole cingulate region with emotion and motor functions 

(MacLean, 1993). However, it has been found that the cingulate cortex is not a unitary 

structure and that several subdivisions exist which can be differentiated by both 

neuroanatomical and functional aspects. Especially since the emergence of modern 

medical imaging techniques, the interest in the cingulate region has grown a lot. 

Searching the scientific literature via the PubMed engine for the keyword “cingulate” 

produces the high number of 7324 hits. Having added “fMRI” (functional Magnetic 

Resonance Imaging) to largely focus on the functional imaging literature, one still 

receives a listing of about 2210 entries. Particularly an anterior-dorsal subregion, the 

midcingulate cortex, has become the focus of immense efforts in order to disentangle its 

exact contributions to cognitive processes. It seems to play a role in a wide range of 

experimental paradigms designed to study diverse attentional phenomena. Therefore, it 

is not surprising to find a wealth of studies reporting neuroanatomical deviations and 

disturbed functioning of this region in a variety of neurological or psychiatric disorders 

such as Obsessive-Compulsive Disorder, Attention Deficit/Hyperactivity Disorder or 

schizophrenia (Yücel et al., 2003a). However, to better understand the exact 

mechanisms underlying psychopathological phenomena, one also has to shed some light 

on the associations of variations concerning neuranatomical features and cognitive 

functions in the healthy population. This field of research is unfortunately still a largely 

underdeveloped one. The work presented within this manuscript makes some initial 

efforts to bridge the gap between anatomical and functional research.  

 This manuscript is organized as follows. After the outline presented in the 

current chapter, the second chapter provides an introduction to the cingulate cortex. 

Cingulate subdivisions, based on a widely accepted neurobiological model (e.g. Vogt et 

al., 2005), are discussed. After having been broadly oriented with respect to the whole 

cingulate region, the next chapter (chapter three) describes the midcingulate cortex a bit 

more detailed. Starting with its neuroanatomy, key findings will be presented that 

already foster the importance of this cortical patch for the integration of higher 

cognitive processes and motor control. During the remainder of this section important 
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theoretical views directly addressing functional contributions are brought forward. 

Chapters four, five and six represent the empirical parts of this manuscript. As these 

chapters are meant for publication in scientific journals, each of them is written with its 

own introduction, methods, results and discussion section. Relevant abbreviations are 

introduced anew, in case a reader wants to retrieve information from one of these 

chapters only. Throughout these empirical sections different established techniques 

from the field of cognitive neuroscience are utilized, which renders their introduction by 

means of separate methodological chapters impractical. It is assumed that the reader is 

familiar with basic aspects of these approaches. However, whenever necessary for text 

comprehension, additional information is provided by means of endnotes (starting at 

page 121). The first of these empirical papers has already been published in a slightly 

different version (Huster et al., 2007). As presented in chapter four, it predominantly 

describes cortical aspects (regional fissurization and gray matter volume) and structural 

variability as associated with gender and handedness. Chapter five turns to the 

underlying white matter bundle of the midcingulate region. Macro- as well as 

microstructural characteristics of the midcingulum bundle are assessed, again as 

depending on gender and handedness. Having described neuroanatomical characteristics 

and their variation in healthy subjects as inferred from magnetic resonance imaging 

techniques, chapter six demonstrates an association of functional and neuroanatomical 

aspects. More specifically, evidence is provided that the degree of regional fissurization 

affects the interplay of attentional processes during Stroop interference. Chapter seven 

summarizes the empirical findings, followed by a general discussion and an outlook for 

future research.  
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As the most prominent structure of the human medial wall the cingulate cortex stretches 

from its origins rostral to the anterior commissure to its end ventral to the splenium, 

thus surrounding the callosal genu and covering the dorsal surface of the corpus 

callosum’s truncus. It is this special morphology that gave rise to the denomination of 

this interesting cerebral region, being named after the Latin word “cingulum” meaning 

belt. The whole cingulate region has been subject to increasing interest during recent 

years. This is likely to be driven by the functional and neuroanatomical diversity 

associated with the cingulate cortex, although it seems to be a unitary structure at first 

sight.  

Let us first have a look at the surface morphology of the human medial wall (see 

Figure 1). As with most fissures of the human cerebral cortex, surface features of the 

medial wall are quite variable. Among the first sulci appearing during gestation are the 

callosal, the cingulate and the parieto-occipitial sulcus. The callosal sulcus separates 

callosal fibres from the cingulate gyrus, which in its turn is dorsally and rostrally 

delineated by the cingulate sulcus. The parieto-occipital sulcus builds the border 

between the parietal and occipital lobes. It starts dorso-medial and runs ventro-lateral, 

later fusing with the calcarine sulcus (which is normally not seen from a midsagittal 

view). These primary fissures develop between the 14th and 18th week of brain 

maturation, thereby contributing to the first convolutions (Chi et al., 1977). They are 

usually seen in every healthy subject and show a rather low degree of spatial or 

morphologic variability. Other prominent fissures, developing somewhat later and 

seated in posterior regions, are the splenial sulcus and the marginal ramus. Already 

showing a higher morphologic variability these sulci may not only fuse with each other, 

but also with the cingulate or paracingulate sulcus. The paracingulate sulcus occurs 

around the 30th week and, although found in most healthy individuals, is not always 

very prominent nor does it necessarily have to be present. Two more fissures can 

regularly be found anteriorly: the inferior and the superior rostral sulci. All the 

aforementioned sulci can be seen as quite stable points of reference, at least when 

compared to the high number of other tertiary fissures and superficial dimples building 

up after the 36th week of gestation. These late occurring convolutions are highly 

variable and the associated chasms most often remain unnamed.  
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Fig. 1. Main fissures of the human medial wall. The cingulate cortex (light 

grey) partially surrounds the corpus callosum (dark grey).  

 

The cingulate and, if present, the paracingulate sulci define the utmost anterior and 

dorsal macroanatomical borders of the cingulate cortex. In the posterior region the 

splenial sulcus and its many branches are often considered as cingulate borders. Ventro-

medial boundaries obviously are formed by the corpus callosum or the callsoal sulcus, 

respectively. However, one should keep in mind that macroanatomical features do 

usually not closely correspond to the cytoarchitectural fields spanning a specific cortical 

region (e.g. Eickhoff et al., 2005).  

As often is the case in brain research, much more effort has been undertaken to 

foster the understanding of the cortical gray matter as compared to the underlying white 

matter tracts. This also holds true for the so called cingulum bundle (see Figure 2). All 

connections entering and exiting the cingulate cortex have to pass this fasciculus. In 

addition, it serves as a pathway for projections between prefrontal and parahippocampal 

areas as well as between the median raphe nucleus and the dorsal hippocampus 

(Goldman-Rakic et al., 1984; Azmitia & Segal, 1978). On occasion, both the cingulate 

cortex and the cingulum bundle have become the focus of neurosurgical procedures to 

attenuate symptoms of disorders such as major depression, anxiety or chronic pain 

(Cosgrove & Rauch, 2003; Mashour, 2005). As knowledge of the cingulum bundle is 

crucial to understand structural and functional aspects of the cingulate cortex, it will be 

taken into consideration whenever necessary during the remainder of this manuscript.  
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Fig. 2. The cingulum bundle. Shown is a coronar (left) and a 

midsagittal (right) view, as indicated by the arrowheads. Pixels 

are color-coded to reveal the predominant direction of the 

diffusion tensor (green = anterior to posterior; blue = dorsal to 

ventral; red = left to right). 

 

Concerning the blood supply of the cingulate region, as with most other areas of the 

brain it does not possess an own arterial system (see Figure 3). Here, the main route for 

oxygenated blood is the anterior cerebral artery and its many branches, which cover the 

demand for major parts of the cingulate region. The pericallosal artery originates behind 

the connection of the anterior cerebral arteries of both hemispheres via the anterior 

communicating artery. In most parts it runs within the callosal sulcus and extends up to 

the splenial region. Its final branch, usually termed the precuneal artery, supplies the 

splenial and postcingulate regions and regularly anastomoses with branches of the 

posterior cerebral artery. Most often a callosomarginal branch, running within the 

cingulate or paracingulate sulcus, separates early from the pericallosal artery. The 

pericallosal and the callosomarginal arteries emit several other branches which strongly 

vary in their course. According to their relative positions these frontal rami are often 

referred to as orbito-frontal, fronto-polar, anterior, middle, and posterior frontal arteries. 

The most caudal areas of the cingulate region are largely supplied by the medial part of 

the posterior cerebral artery and its final branch, the parieto-occipital artery. Of course, 

smaller arteries, strongly varying in course and size, play a role here as well. These 

arteries often anastomose with branches from arteries originating in the anterior frontal 

regions. As a consequence of this organization even strongly localized infarcts within 
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this system are associated with lesions reaching far beyond cingulate compartments, 

causing complex neurological syndromes.  

 

 
Fig. 3. Arterial system of the hemispheric midline (a. = artery). 

 

By now about 20 different cingulate cytoarchitectural areas have been defined based on 

cytological characteristics, connections to other cortical regions as well as functional 

mappings, taking data from surveys with both humans and monkeys into account. While 

considering this wealth of information and attempting to identify common properties 

among these regions, Vogt and colleagues (Vogt et al., 2005) proposed a model with 

four major cingulate subdivions. This model has widely been accepted in the 

neuroscientific community and currently constitutes the most elaborated synthesis of 

scientific results when it comes to the cingulate cortex. On the following pages, this 

model is going to be described in a bit more detail.  

 

2.1 Vogt’s four-region model of cingulate cortex 

 

Based on Brodmann’s maps (Brodmann, 1909) the human cingulate cortex was 

traditionally seen as being comprised of an anterior and a posterior compartment. Over 

the years, histological research on animal brains caused refinements of this view. Vogt 

and colleagues (e.g. Vogt, 1993) proposed the existence of three major cingulate 

subdivisions: anterior cingulate cortex (ACC), posterior cingulate cortex (PCC) and 

retrosplenial cortex (RSC). Still, the ACC encompassed a wide cortical field including 

all rostral areas with a posterior delineation at about 10 mm caudal to the anterior 
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commissure (near the ventral turning point of the marginal ramus). However, 

subsequent results from Vogt and other researchers gathered in the 1990s pointed 

towards a necessity of a further differentiation in the ACC. Differences in cell size and 

density between the ventral and the dorsal anterior cingulate region were not only found 

in animals, but in human assays as well. Moreover, spatially differing projections to 

ACC from the amygdala and the parietal cortex suggested unequal functional roles of 

ventral as compared to dorsal subregions. This assumed functional disjunction has 

meanwhile been confirmed by imaging studies (e.g. Bush et al., 1998; Bush et al., 2000; 

Whalen et al., 1998) and we will come back to this issue again later.  

Currently, four major regions are proposed within the cingulate cortex: 

perigenual ACC (pACC), midcingulate cortex (MCC), PCC and RSC. These main 

compartments usually contain some more subdivisions. Please refer to Figure 4 for a 

depiction of the four-region neurobiological model of human cingulate cortex.  

 

 
Fig. 4. The four-region neurobiological model of human cingulate cortex. 

The four major divisions and further subregions are: perigenual anterior 

cingulate cortex (pACC) with subgenual subregion (SGSR); midcingulate 

cortex (MCC) with anterior and posterior subregions (aMCC and pMCC 

respectively); posterior cingulate cortex (PCC) with dorsal and ventral 

subregions (dPCC and vPCC respectively) and its caudomedial subregion 

(CMSR); retrosplenial cortex (RSC).  

 

The original boundaries have primariliy been defined based on histological results 

obtained in dissected monkey brains. Validations of these observations have followed 
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with assays from the human cerebrum.1 Thereafter, it was tried to ascribe specific 

functions to these regions. Here, main sources of information have been single cell 

recordings from monkeys on the one hand and the growing body of human functional 

imaging data on the other hand.2 In the following paragraphs, each of the four 

compartments will be introduced briefly regarding structural and functional key aspects.  

 

2.1.1 Perigenual anterior cingulate cortex 

This region surrounds most parts of the callosal genu with its utmost borders 

operationally defined by the cingulate or paracingulate sulcus, respectively. The pACC 

includes cytoarchitectural areas 33, 32, 24 and 25.* The latter area is situated ventral to 

the most protruding parts of the genu and is assumed to play an important role in the 

expression of autonomic states. As Neafsy (1993) pointed out, area 25 mainly projects 

to the amygdala, the dorsal motor nucleus of the vagus nerve and a nucleus of the 

solitary tract. These specific characteristics gave it the status of a perigenual 

subdivision, termed the subgenual subregion (SGSR). However, most other parts of the 

pACC rather receive afferents from the amygdala than project to it (Vogt et al., 1997). 

Not surprisingly, on a whole the pACC has been associated with the experience and 

expression of affective conditions. During electrical stimulation of the human pACC, 

subjects report the experience of fear, pleasure or other emotional responses including 

autonomic (e.g. increase in heart-rate) and visceral (e.g. salivation or vomiting) 

reactions (Bancaud & Talairach, 1992; Meyer et al., 1973). Another common feature of 

this area is the existence of pronounced efferents to the periaqueductal gray which by 

itself has been associated with defensive behavior (Jhou, 2005) and modulation of the 

pain response (Benarroch, 2006). 

 

2.1.2 Midcingulate cortex 

The MCC approximately covers the middle third of the corpus callosum and 

encompasses cytoarchitectural fields 33’, 32’ and 24’ (the apostrophe references to the 

MCC, as cytologically similar fields are found in the pACC as well). Again, 

                                                 
* These numbers refer to cytoarchitectural areas firstly described by Brodmann (1909). However, since 

their initial description refinements have been proposed as for example described by Vogt and colleagues 

(1995).  



A primer on the cingulate cortex 
 
 

 11 

macroscopic delineations are the cingulate or, if present, the paracingulate sulcus. 

Functionally, this region has been associated with a broad spectrum of cognitive 

processes such as response selection, conflict monitoring, error processing or reward-

based decision making (see Devinsky et al., 1995). Although attempts are made to cover 

as many functions as possible with one single model, the neuroanatomical organization 

of the MCC strongly suggests local differentiations. For example, a subregion of the 

MCC is characterized by strong projections to the spinal cord, primary and 

supplementary motor cortices (Braak, 1976). In accordance with these observations, 

electrical stimulations of this subregion are associated with movements and gestures. 

Furthermore, results from Shima and Tanji (1998) denote a role of the MCC in the 

processing of reward information for motor selection. Not surprisingly, the 

midcingulate region receives dopaminergic afferents originating in the ventral tegmental 

area. In 2003 Vogt et al. brought a differentiation forward separating an anterior and a 

posterior MCC subdivision, associating both with distinct cingulate motor areas. These 

subregions are believed to play a role in the behavioral adaptation to environmental 

demands. A more thorough discussion of these and other issues concerning the MCC 

will follow in the next chapter.  

 

2.1.3 Posterior cingulate cortex 

Including areas 31 and 23, the PCC is spatially defined by the posterior cingulate gyrus 

as well as by the splenial sulcus and its surrounding cortex (Vogt et al., 1995). A 

caudomedial subregion (CMSR) has been determined based on its reciprocal 

connections with pACC. This subarea is situated caudally and in the most ventral 

position of the cingulate cortex. Not very much is known regarding the functional 

contributions of the PCC. There is some evidence for the recruitment of PCC in 

visuospatial attention and the assessment of visual scenes, especially under situations of 

motivational relevance (Olson et al., 1993; Small et al., 2003). In a recent publication, 

Vogt and colleagues (2006) proposed a dichotomy in PCC. The ventral PCC, including 

CMSR and its connections to pACC, is believed to evaluate information carried along 

the ventral visual stream with respect to emotional content and its self-relevance. Dorsal 

parts of the PCC, on the other hand, seem to be involved in proprioception and the 
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orientation of the self in (visual) space. This latter subregion has been shown to be 

heavily interconnected with posterior parietal areas.  

 

2.1.4 Retrosplenial cortex 

This rather small region, which lies in the (dorsal) bank of the callosal sulcus, covers 

cytoarchitectural fields 30 and 29. The RSC receives afferents from anterior thalamic 

nuclei and is reciprocally heavily connected with the PCC (Vogt et al., 2006). It is 

therefore not surprising that functional similarities between RSC and PCC can be found. 

However, the retrosplenial zone seems to serve more basal functions as formation and 

access of long-term memories, thereby contributing to processes associated with spatial 

orienting. This at least has been suggested based on the observation of connections with 

the parahippocampal cortex in monkeys (Vogt & Pandya, 1987) and has recently 

received some experimental support in an fMRI study on the utilization of cognitive 

maps in humans (Iaria et al., 2007). 

 

2.2 Imaging results and the four-region model 

 

The originally proposed four-region model was mainly based on histological and 

connectivity surveys using both monkey and human brains. Assignments of specific 

cognitive functions to these regions have then initially been made according to invasive 

electrophysiological investigations, with monkeys being the primary research subjects. 

However, over the time imaging studies became more readily available. Especially 

functional imaging studies are of twofold interest in this context. Firstly, they assist in 

specifying our knowledge regarding the exact cognitive processes exerted by a specific 

region. Secondly, a validation of the four-region model can be undertaken by assessing 

patterns of activation within and across tasks. Following, a short review will be given 

with respect to imaging studies providing additional information concerning the 

appropriateness of the cingulate neurobiological model.  

 

Among the most often conceptually replicated observations is the differentiation of 

pACC and MCC. In 1998 two fMRI studies (Bush et al., 1998; Whalen et al., 1998) 

observed increased signal intensity in regions belonging to the MCC in response to the 
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cognitive demands of counting Stroop tasks. This finding was accompanied by a 

deactivation in the pACC, although a modulation in this region in response to emotional 

stimuli was still noticeable with a higher degree of activation to negative as compared to 

neutral stimuli. A similar pattern has been observed by Drevets and Raichle (1998) 

when reviewing PET studies. During experimentally induced affective states cerebral 

blood flow (CBF) was increased in regions according to the pACC, but decreased 

during performance of “pure” cognitive tasks. Conversely, augmented CBF in the MCC 

can for example be seen in lexical decision or interference tasks, while the experience of 

emotional states seems to be associated with attenuated CBF in this region. Similar 

conclusions were drawn by Bush et al. (2000) as well. Reviewing a total of 64 

functional imaging studies (both PET and fMRI data) again the reciprocal relationship 

concerning indices of neuronal activity in pACC and MCC received further support. 

Beyond this, a recent fMRI study (Butler et al., 2007) suggested possible sex 

differences regarding this phenomenon with more pronounced pACC suppression found 

in female as compared to male subjects. Nevertheless, these results foster the 

differentiation of two main divisions in the anterior cingulate region and suggest an 

important role for the pACC and the MCC in the interaction of emotional and cognitive 

processes.  

 Another interesting field of research is dedicated to the role of the cingulate 

cortex in the central control of autonomic-physiological processes. In line with studies 

on the connectivity of the pACC, Matthews and colleagues (2004) found a functional 

dissociation of regions likely corresponding to the SGSR and the MCC. The authors 

exposed subjects to a counting Stroop task with additional experimental manipulation of 

trial pacing (blocks with fast or slow inter-trial intervals), thereby manipulating 

autonomic nervous system adaptation to task demands. Correlating measures of heart 

rate variability (HRV) to fMRI signal changes, a region corresponding to pACCs’ 

SGSR showed evidence for such an association. The midcingulate region, on the 

contrary, rather seemed to be sensitive to global cognitive task demands (higher 

activation to incongruent as compared to congruent stimuli) irrespective of autonomic 

activity. However, prior studies did not always observe such functional and regional 

specifity in the cingulate cortex. For example, Critchley and colleagues (2003) observed 

HRV-related activity not only in ventral parts of the pACC but also in the midcingulate 
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region, when deriving regressors for fMRI analysis from low- and high-frequency 

components of HRV.3 These effects were most pronounced for sympathetic components 

of the HRV. Such findings are in accordance with models assuming a fast route for the 

solution of conflicts triggered by the MCC and exerted via norepinephrinergic release 

from the locus coeruleus (Aston-Jones & Cohen, 2005). Although the assumption of a 

perigenual subregion strongly associated with the control of autonomic functions seems 

to hold, the view of a “purely cognitive” acting MCC needs refinement (but see the next 

chapter for integrative approaches).  

 With respect to both PCC and RSC, as a whole this region has long been 

associated with memory processes and spatial orientation. A study of Burgess and 

colleagues (2001) may serve as an example: moving in a virtual environment subjects 

had to memorize and recall the circumstances under which their virtual ego received a 

specific object. Mainly using procedures of cued recall, special emphasis was placed on 

the analysis of processes associated with the retrieval of the spatial context of an event. 

The results nicely highlighted a broad temporo-parietal network, also demonstrating 

concomitant activation in posterior and retrosplenial cingulate regions. However, a 

wealth of cognitive processes likely operates simultaneously under such conditions, 

thereby concealing the exact functional contribution of a distinct cortical region. More 

specifically tapping processes of self-related memory, but largely omitting the spatial 

component in an fMRI study, Johnson et al. (2002) found evidence for a dissociation of 

dorsal and ventral subdivisions within the PCC. Subjects had to make decisions on 

aurally presented statements requiring knowledge and reflection on their own abilities. 

This task setting indicated involvement of the ventral (including CMSR), but not the 

dorsal, part of the PCC. Concerning the RSC, and again combining modern techniques 

of an fMRI paradigm with virtually created surroundings, Iaira et al. (2007) found 

evidence for activations in RSC without concurrent engagement of posterior cingulate 

regions. Controlling for components of spatial navigation, the authors were able to 

conclude, that the RSC complements the hippocampus during formation and use of 

memory nodes. Functional dissociations of distinct subregions of the PCC within a 

single paradigm have been reported as well. Sugiura and coworkers (2005) let their 

subjects view objects and places which were either familiar or unfamiliar. This fMRI 

survey revealed a relevant increase in signal intensity in a region covering the ventral 
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PCC and RSC with places as compared to objects. Importantly, this cluster in large 

parts was correlated with reaction times regarding the familiarity ratings, indicating an 

association with processes of memory retrieval. On the other hand, when subjects were 

exposed to pictures of familiar places the dorsal posterior cingulate region seemed to be 

involved, which was attributed to the retrieval of already stored allo- or egocentric 

maps. Nevertheless, a third cluster, falling into the dorsal PCC as well, reached 

significance with higher signal strength in familiar as compared to unfamiliar objects 

and places. This unexpected finding was associated with episodic memory or the 

retrieval of contextual information. Overall, it can be concluded that, when carefully 

disentangling the contributions from different cognitive processes, spatially distinct 

clusters of activation in PCC and RSC can be found, which are in accordance with the 

four-region model. But the just reviewed data also indicate the need for further 

refinements of this model, especially when it comes to the functional contribution of a 

given area.  
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Traditionally, the whole anterior cingulate region, nearly stretching up to the marginal 

ramus at its caudal end, was believed to form a structural and functional homogeneous 

area. Nevertheless, more thorough studies on the cytology and connectivity of this 

region led to a revision of this model, wherein now a rostro-ventral region is 

differentiated from a dorso-caudal one. In Vogts’ four-region neurobiological model of 

cingulate cortex, the latter is termed midcingulate cortex (already introduced as MCC). 

This region is also widely referred to as the dorsal anterior cingulate cortex (dACC; e.g. 

Bush et al., 2000).4 Having been subject to tremendous research interest, the MCC has 

predominantly been associated with processes subserving cognition and motor control. 

Human imaging studies suggest the midcingulate region to be involved, amongst others, 

in motor response selection, error detection, reward assessment, working memory, and 

conflict monitoring. Despite the enormous wealth of data gathered on MCC functioning, 

no single unifying theory has been established so far. The fairly high degree of 

morphologic variability found in this cingulate region, evident at both the micro- and 

the macrostructural level, additionally hampers the development of a maximally 

powerful functional theory. In the remainder of this chapter structural and functional 

findings will be reviewed.  

 

3.1 Neuroanatomy of the midcingulate cortex 

 

3.1.1 Midcingulate topography 

From a macroscopic perspective and based on functional imaging studies (as for 

example described in Picard & Strick, 2001), the MCC approximately encompasses an 

area beginning right above the most anterior extension of the corpus callosum with a 

posterior delineation in the vicinity of the ventral branch of the marginal ramus. Similar 

borders were also specified in cytological surveys on human dissected brains (Vogt et 

al., 2003, p. 3140, table 2). Assays, extracted from specific regions, were coregistered to 

the Talairach & Tournoux coordinate system (1988) and measured relative to the 

vertical plane at the anterior commisure.5 Besides cytoarchitectural area 33’, the MCC is 

mainly comprised of areas 24’ and 32’. Because cytological similar fields are found in 

the pACC as well, the apostrophe denotes a reference to the MCC. This differentiation 

between MCC and pACC implies a refinement of the nomination originally made by 
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Brodmann (1909). What follows is an example for relevant cytoarchitectural 

differences: as compared to perigenual area 24, the midcingulate area 24’ has denser 

neurons in layer Va and receives strong parietal afferents. With respect to area 32(‘ )•, its 

caudal part largely lacks layer IV, exhibits very pronounced pyramidal neurons in layer 

IIIc and a less prominent layer Va (Vogt et al., 1995). Unfortunately, the specific 

functional relevance of laminar characteristics in this context is largely unknown.6 

 

 
Fig. 5. Topography of midcingulate cytoarchitectural fields. These midsagittal 

views show a pronounced paracingulate gyrus in the left hemisphere, whereas 

this gyral doubling is absent in the right cingulate region. The spatial 

distributions of cytoarchitectural areas prototypically associated with these 

fissurizational patterns are given in the coronar section below.  

 

Let us have a look at the surface topography of cytoarchitectural fields (Figure 5). Area 

33’ is usually buried in the depth of the callosal sulcus. When there is a single cingulate 

gyrus, area 24’ occupies most parts of this gyrus and the ventral bank of the cingulate 

sulcus. Then, area 32’ is situated in the dorsal bank of the cingulate sulcus. However, 

the paracingulate gyrus is found in most subjects in a more or less pronounced form. In 

such cases the distribution of cingulate areas is somewhat different. Whereas the same 

regional pattern applies to area 24’ again, area 32’ now not only covers the gyral crown 

of the paracingulate gyrus, but also includes most parts of the dorsal and ventral bank of 

                                                 
• The parentheses indicate the reference to both area 32 and area 32‘, contained in the pACC and the 

MCC, respectively. 
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the paracingulate sulcus as well as major parts of the adjcacent bank of the cingulate 

sulcus. The occurrence of a gyral doubling therefore indicates a relative enlargement of 

area 32’ (Vogt et al., 1995). It is interesting to know, that the paracingulate sulcus 

overall is found more often in the left hemisphere. The degree of regional fissurization 

in the MCC additionally seems to be influenced by an interaction of gender and 

handedness. We will come back to the paracingulate sulcus as a main subject of the 

empirical part of this manuscript, concerning both morphologic and functional aspects 

(see chapters four and six).  

 In their article from 2003, Vogt and colleagues suggested the existence of two 

subdivisions within the midcingulate region: anterior MCC (aMCC) and posterior MCC 

(pMCC). This assumption is very much based on the existence of at least two cingulate 

motor areas (CMA) within this target region. In monkeys the rostral CMA shows a 

convergence of its projections in the striatum with those from the pre-supplementary 

motor area, while efferents of the caudal CMA to the striatum overlap with projections 

from the primary motor cortex (Takada et al., 2001). Neuronal discharges in this latter 

area are temporally closely linked to motor output (Shima et al., 1991) as measured via 

latency between neuronal discharges and muscle contractions. The cCMA likely 

corresponds to the primitive gigantopyramidal field in humans first described by Braak 

(1976), which shares many features with motor cortical areas, but is spatially clearly 

separated from it. Vogt and colleagues therefore assume that the posterior midcingulate 

subregion (the pMCC) contributes to early sensorimotoric orienting or reflex responses. 

The aMCC on the other hand, including the rostral CMA, is rather believed to have an 

impact on the guidance of more complex behaviors, perhaps even encompassing the 

evaluation of outcome and reward expectations.  

In several publications Dum, Picard and Strick stress, that in most non-human 

primates three rather than two separate CMAs can be found (Picard & Strick, 2001; 

Strick et al., 1998). In humans, unfortunately, there are only a sparse number of 

histological surveys and the functional analysis of this region is more complicated due 

to the high degree of morphological variability. While carefully reviewing activations 

from imaging studies on motor control a similar tripartite differentiation emerged in 

humans (Picard & Strick, 2001). A caudal region, falling into the pMCC, was clearly 

evident which seems to be primarily related to movement execution as for example 
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finger tapping. Activations in this region were clearly and consistently separable from 

the also activated supplementary motor area. However, in a region comparable to the 

aMCC two separate foci were found. One cluster of activations was best seen in 

analyses of single subjects at height of the anterior commissure falling into the cingulate 

sulcus or elsewhere in the paracingulate region, but never extending more ventrally onto 

the cingulate gyrus or beyond (posterior rostral cingulate motor area, prCMA). A 

second and more ventral situated focus of activations (anterior rostral cingulate motor 

area, arCMA) rather approximated the cingulate gyrus proper right near the turning 

point of the callosal genu (please refer to Figure 6 for an approximate delineation of 

these regions).  

 

 
Fig. 6. The midcingulate cortex and its motor areas. Depicted is the 

midcingulate cortex with its anterior and posterior subdivisions. 

Rough positioning of cingulate motor areas has been added as 

inferred from functional imaging studies.  

 

In their publication from 2001, Picard and Strick attributed different functional 

involvements to these regions: conflict monitoring to the arCMA and response selection 

to the prCMA. Moreover, when reviewing PET studies with respect to topographical 

differentiations associated with task modality, Picard and Strick (1996) found evidence 

for a somatotopic organization of both rostral zones. Comparing oculomotor and speech 

tasks, the latter were associated with increases in cerebral blood flow lying posterior to 
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activations associated with eye movements. For the caudal cCMA a representation of 

the face and associated body parts has been questioned, as verbal tasks do usually not 

lead to activations in this region. This finding is in accordance with separate cortical 

representations for arms and legs in the absence of a face field in the monkey cCMA 

(He et al., 1995). Nevertheless, when summarizing their results Strick and colleagues 

express a position quite similar to that of Vogt:  

“Our synthesis of PET findings indicates that the simple/complex 

dichotomy divides activation sites related to arm movement into two 

spatially separate zones: a large rostral cingulate zone activated in 

relation to complex tasks and a smaller caudal cingulate zone activated 

during simpler tasks. Furthermore, within the rostral zone, two separate 

clusters of sites activated during arm movements alternate with sites 

activated during eye and face movements.”  

This statement, found in a publication from Picard and Strick (1996) on page 348, very 

nicely points out the similarities concerning the conclusions of these research groups, 

both arguing in favor of two major midcingulate subdivisions. 

 

3.1.2 Midcingulate connectivity 

Next, studies on the connectivity of the MCC will briefly be reviewed. These data again 

were predominantly gathered from monkeys. Although some differences in cingulate 

neuroanatomy between species exist (e.g. Picard & Strick, 1996), hallmarks such as the 

CMAs do clearly have interspecies counterparts.7 Not to confuse the reader, we will 

continue using the already introduced abbreviations whenever applicable. Some of the 

studies mentioned have been conducted before the neuroanatomical organization of the 

MCC was described in adequate detail. Other surveys do not very specifically relate 

their results to midcingulate topography. These facts sometimes lead to rather imprecise 

regional descriptions, also hampering the attribution of distinct functions.  

 Many surveys have tried to elucidate the MCC’s role in motor control, because 

it has early been known that electrical stimulation of diverse midcingulate regions leads 

to limb movements (Luppino et al., 1991). This finding makes perfect sense in light of 

the observations of He and colleagues (1995), who found that all three cingulate motor 

areas (cCMA, prCMA and arCMA) directly project in a somatotopic organized manner 
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to the spinal cord. Two more findings of this study are worth mentioning in this context. 

First, all CMAs show at least a differentiation of arm and leg representations, but fields 

for facial motor control seem to be present in the rostral motor regions only. This 

finding, by the way, is in accordance with the already described review of PET studies 

from Picard and Strick (1996), where oculomotor tasks lead to activations in the 

anterior but not the posterior MCC. Second, projections from arCMA did show a high 

degree of regional overlap (a lower degree of somatotopic specifity) and exhibited the 

overall lowest number of efferents to the spinal cord, when compared to other motor 

areas of the medial wall. All CMAs also project to the primary motor cortex (e.g. 

Tokuno & Tanji, 1993) as well as to secondary motor cortices (see for example Luppino 

et al., 2003) and in most parts these connections show a reciprocal organization, except 

for the arCMA that does not seem to receive afferents from primary motor cortex 

(Hatanaka et al., 2003). Striatal afferents originating in midcingulate motor areas have 

regularly been described. These projections also reflect the midcingulate dichotomy 

with anterior fibers showing convergence with those from pre-supplementary motor 

regions, whereas the posterior ones fuse with afferents from the primary motor cortex 

(Takada et al., 2001). Thalamic afferents to the CMAs mainly originate in the 

ventroanterior and ventrolateral nuclei (Hatanaka et al., 2003), both of which are known 

to serve as important relay stations for the integration of motoric information between 

the basal ganglia and the cerebellum on the one and the motor cortex on the other hand. 

All these connections strongly suggest the participation of CMAs in the planning and 

cognitive control of motor behavior. Furthermore, the described pattern underscores the 

notion that the arCMA may play a less marked or specific role in motor control as 

compared to the prCMA and the cCMA, but might instead be of bigger importance for 

higher-order cognitive processes somewhat detached from motor function such as 

conflict monitoring (as opposed to response selection). On the other hand, the cCMA 

seems to be involved to a lower degree in the integration of motoric functions with 

higher cognition, as it lacks interconnections with dorsolateral prefrontal areas found in 

the aMCC including both rostral CMAs (Lu et al., 1994). Nevertheless, the finding of 

reciprocal connections between midcingulate and various prefrontal regions has often 

been replicated (e.g. Bates & Goldman-Rakic, 1993; Morecraft et al., 1993; Takada et 

al., 2004).  
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 Besides the above mentioned corticocortical and corticospinal projections, often 

regarded as the main midcingulate connections, information arrives from many other 

areas of the brain as well. For example, both lateral and medial regions of the parietal 

lobe have been described as being substantially interlinked with the cingulate cortex. In 

the MCC it is especially caudal area 24’, which shows reciprocal connections with 

parietal area 7 (van Hoesen et al., 1993). Vogt and colleagues in addition point out 

(Vogt et al., 2005; Vogt et a., 1993) that medial thalamic afferents innervate the MCC, 

which are believed to build a crucial part of the medial pain system. This finding 

implicates a role of the MCC in nociception, although it might not be involved in actual 

sensational phenomena but rather in functions such as skeletomotor orientation and 

stimulus evaluation (concerning reward properties). However, given the observations 

that the same medial thalamic nuclei are also connected to the ventral tegmental area 

(VTA; Montaron & Buser, 1988) and that the MCC is among the main target areas of 

ventral-tegmental efferents (Lewis, 1992), a more global function of the midcingulate 

region, associated with arousal-related modulations, has also been brought forward 

(Paus, 2001). The existence of reciprocal connections between the MCC and the locus 

coeruleus (LC) foster such a surmise even more (Aston-Jones & Cohen, 2005).  

 The MCC receives direct and indirect input from other cingulate divisions, too. 

Perigenual ACC and aMCC as well as pMCC and dPCC are known to be strongly 

interconnected, thereby indirectly increasing the number of midcingulate associations 

with other cortical and subcortical regions even more. Altogether, the anatomical 

connectivity of the midcingulate area opens access to a wide range of information 

modules including sensory, affective and cognitive domains. It may therefore be the 

perfect component for the integration of information from different sources as well as 

for a situational adaptive modulation and guidance of behavior.  

 

3.1.3 Conclusion 

As was shown in the previous paragraphs the MCC certainly is a diversified cortical 

structure, when seen from the neuroanatomical perspective. Its numerous and 

widespread connections to other cortical as well as subcortical regions of the primate 

brain suggests an essential contribution of this structure to an individuals experience of 

and its interaction with our environment. Such a surmise receives support by the 
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agreement of neuroscientists that the cingulate cortex as a whole and the anterior 

cingulate in particular belongs to the philogenetically older regions of the mammalian 

brain. As is suggested by its affinity with neocortical motor areas, it may indeed serve 

as an important integrative bridge with higher neurocognitive processes (Allmann et al., 

2001).  

 

3.2 Neurocognition: conflict monitoring and beyond 

 

When reviewing the functional imaging literature an enormous diversity of 

experimental designs can be found to be associated with midcingulate activation. 

Among those paradigms reliably indicating a functional contribution of the MCC are, 

just to name a few, the go/no-go task, Stroop task, Flanker task, dichotic listening, word 

stem completion, Simon task, task switching, global-local task, n-back task and stop 

signal task. Beyond this, the midcingulate region has also directly been connected to the 

processing of errors and the assessment of reward associations. This enumeration 

already indicates an association of the MCC with processes losely summarized as 

executive functions, which refer to the individuals ability to solve complex problems, 

steer or focus attention, plan and control behavior, or to sequence information. Thus, the 

concept of executive functions refers to strategies and attentional phenomena enabling 

us to adapt to complex or new situations. One very influential model has been proposed 

by Shallice and colleagues who used the term supervisory attentional system (SAS; 

Shallice, 2004). The functional variety associated with such a concept is obvious, which 

might be one reason why these terms (e.g. executive functions, executive control, SAS) 

are not commonly used in the recent cognitive neuroscientific literature. Whereas 

clinical neuropsychologists usually encounter complex and diversified syndroms due to 

rather broad neuroanatomical lesions, basic research usually tries to be as specific as 

possible when it comes to the functional contribution of a circumscribed region. 

However, the term “executive functions” nicely accentuates the fundamental role the 

MCC plays for adaptive behavior and it will be used throughout this manuscript where 

applicable. Incorporating as many empirical findings as possible within one single 

functional theory of the MCC must obviously be a hard task, but this venture has 

undergone some progress in recent years. During the remainder of this chapter the most 
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common theoretical approaches will be introduced, starting with the conflict monitoring 

theory and then comparing other proposals to it, thereby stepwise broadening our 

understanding concerning neurocognitive contributions of the MCC. This procedure 

seems appropriate as the conflict monitoring perspective and related theories, brought 

forward by Cohen and collaborators, altogether currently constitute the most powerful 

models on the one hand, but on the other hand still show some shortcomings which can 

be discussed in the context of other explanatory approaches.  

 

3.2.1 On conflict monitoring and cognitive control 

During this section one concept concerning functional contributions of the midcingulate 

region will be illustrated: the conflict monitoring theory. This model, elaborated in 

cooperation by Matthew Botvinick and Jonathan Cohen, to date seems to be the most 

powerful and promising approach, as from the beginning the MCC is not seen or 

described as a structurally or functionally separated entity. In the contrary, the conflict 

monitoring theory is but one part of a broad framework, including several other 

theoretical models, which tries to explain the interaction of cognitive processes and 

associated structures enabling flexible behavioral adaptations. Therefore, this section 

has also been enriched by some complementary models, which are described here in as 

much detail as needed to give a comprehensive overview. Please refer to the original 

literature for more thorough formulations.8 

 

It has early been recognised that conflict or competition between or within processing 

pathways may substantially contribute to limitations concerning attentional capacity 

(Allport, 1987). The prevention or solution of such conflicts therefore must be a crucial 

function of an attentional control system. But how does this system recognise that a 

state of conflict in information processing is about to develop or already has occurred? 

According to the conflict-monitoring theory (Botvinick et al., 2004) specific brain 

systems exist that detect such situations, especially when appearing at the response 

level. Then, compensatory attentional control mechanisms are triggered to reduce 

conflict at hand and prevent it in subsequent performance.9 Of importance is the 

assumption of anatomically separable networks for these two basic processes, 
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monitoring of conflict and cognitive control, although they have to show close 

cooperation for effective situational adaptations.  

 The proposal of a distinct conflict-monitoring system from the beginning was 

strongly based on research regarding the MCC. Reviewing the neuroimaging literature 

with respect to a common functional feature of the midcingulate region (Botvinick et 

al., 2001), the authors extracted three major categories into which studies could be 

sorted: response override, underdetermined responding and error processing. In their 

view, of course, the common feature across these categories is the occurrence of 

conflict, especially response conflict, leading to midcingulate activation. Let us consider 

this a bit more detailed.  

The Stroop color-naming task may serve as a classic example for situations in 

which a prepotent tendency in information processing and responding has to be 

overcome. When one has to name the font-color of a color-word stimulus, the high 

automaticity in reading often interferes with task demands leading to similar degrees of 

activations for representations of both the correct (name of the font-color) and the 

wrong (meaning of the color-word) response. Such a situation where an unequivocal 

response tendency cannot be established, because the offset for patterns of activations 

associated with both responses is too low, is viewed as a situation of conflict. This more 

likely occurs on incongruent trials, where the font-color is differing from the meaning 

of the color-word (e.g. “red” written in blue) as compared to congruent trials, where 

both stimulus dimensions point to the same response (“red” written in red). This 

interference is believed to be monitored by the MCC leading to reliably detectable 

midcingulate activations, when comparing incongruent and congruent Stroop-conditions 

in functional neuroimaging experiments. With electroencephalographic recordings a 

relative negativity of event-related potentials (ERP) between 300 and 400 ms is seen in 

response to incongruent stimuli. 

 As an example associated with tasks probing underdetermined responding, we 

will focus on word-stem completion. In a simple implementation of this paradigm 

subjects are instructed to complete a visually presented word-stem. For example, when 

confronted with “SUR” a possible way of answering could be “surgery”. But other 

answers are feasible and would be correct as well: “surround”, “surrender”, “surname” 

and so on. As a baseline condition subjects often are asked to exclusively read or fixate 
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a word-stem, without trying to retrieve any items. Compared to a control condition, the 

word-stem completion condition is associated with conflict as indexed by MCC 

activation. The concurrent activation of neuronal representations of several words is to 

be expected, as no further extrinsic constrained is present. One could diminish the 

degree of conflict by adding another letter (“SURR” instead of “SUR”) or by priming 

one of the feasible answers, thereby attenuating the number of possible response 

alternatives or introducing an activation offset for a specific word, respectively. 

 Functional contributions of the MCC have also been associated with the 

processing of errors. This was very much based on electrophysiological studies in which 

a response-locked fronto-central negativity had been reported to follow error 

commission. This potential was therefore named error-related negativity (ERN) and its 

main neuronal generator had been traced back to the midcingulate region (e.g. Gehring 

& Willoughby, 2002). Based on empirical findings from other scientists, Botvinick and 

colleagues assumed a continued processing of stimulus and response characteristics 

even after a (potentially erroneous) response has already been made. According to their 

view these ongoing evaluative processes can eventually lead to a somewhat delayed 

activation of the correct response representation. Both correct and erroneous 

representations may therefore be concurrently active in a post-response time window, 

producing a situation of conflict which is detected by the MCC. This monitoring event 

then becomes manifest as a measurable scalp potential: the ERN.  

 Taken together, it is assumed that the MCC monitors and indicates the 

occurence of conflict during information processing, which becomes manifest as 

midcingulate activations seen in functional imaging paradigms or as relative negativities 

of ERPs (given their scalp topographic distributions often also referred to as a class of 

medio-frontal-negativities or MFNs; Luu & Pederson, 2004). Of course, these 

phenomena are not exclusively tied to a single task. These proposals were tested by 

computationally implementing psychological models for the aforementioned paradigms 

and adding a conflict-monitoring unit (Botvinick et al., 2001). Simulating these 

networks activity during task execution, the monitoring entity nicely confirmed the 

predictions made from the conflict-monitoring hypothesis. Importantly, this unit 

proofed the ability to be likewise sensitive to increased response competition and errors. 

High degrees of overlapping midcingulate activation for both response competition and 
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errors have also been found in an fMRI experiment before (Carter et al., 1998), already 

having suggested a more general role of this region in the monitoring of performance. 

These findings of a powerful computational conflict-monitoring unit and a single cluster 

within the MCC behaving in accordance with this theory very much underpinned the 

notion of Cohen, Botvinick and colleagues.  

 Still, evidence has to be presented that midcingulate contribution to cognitive 

processes is rather tied to evaluative than to executive mechanisms, because the 

dominant view at that time interpreted MCC activation as direct manifestation of 

attentional control processes (e.g. Posner & Rothbart, 1998). For this reason several 

studies tried to functionally dissociate brain regions associated with monitoring and 

control mechanisms, respectively. Taking the trial sequence during a flanker-task into 

account, Botvinick et al. (1999) compared low-control/high-conflict (incompatible 

stimuli following compatible ones) with high-control/low-conflict trials (both the 

current and the preceding stimulus were incompatible). This operationalization is based 

on the observation of increased cognitive control on trials occurring after an 

incompatible stimulus had to be processed (Gratton et al., 1992). The signal changes 

detected in the MCC were much more pronounced in the low-control/high-conflict as 

compared to the high-control/low-conflict condition, arguing very much in favour of the 

conflict-monitoring theory. In a similar study (MacDonald et al., 2000) a dissociation of 

prefrontal and midcingulate activation could be shown in a Stroop-task-switching 

paradigm. When explicitly instructing subjects to attend and name either the font-color 

or the word-meaning of a color-word stimulus, the degree of prefrontal activation was 

affected by task instruction but not by stimulus congruency, whereas the reversed 

pattern was found to be true for the MCC.  

According to the conflict-monitoring theory, there is a causal relationship 

between these phenomena as the detection of conflict triggers adjustments in cognitive 

control. Reviewing the literature with respect to this assumption, there seems to be 

ample evidence from behavioral paradigms. One example is the well known “Gratton 

effect” (Gratton et al., 1992). It refers to the observation of a significant acceleration of 

response times in incongruent trials when preceded by an incongruent as compared to a 

congruent trial. Is the current trial a congruent one, rather a deceleration of responses is 

seen when preceded by incongruent as opposed to congruent stimuli. Moreover, the 
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degree of interference in a Stroop task is moderated by the percentage of incongruent 

trials in a paradigm, with a higher percentage being associated with lower behavioral 

interference effects (Tzelov et al., 1992). A third phenomenon reflecting adjustments in 

cognitive control is the so-called post-error slowing, obviously referring to a relevant 

deceleration of responses on trials following an erroneous reaction and indicating a shift 

towards higher accuracy. Taken together, these observations suggest that increases in 

top-down control seem to occur after situations that are potentially laden with high 

conflict. In another series of simulation studies, now having modified relevant models 

by connecting monitoring and attentional control units, the supposed interplay of these 

modules could be replicated with increased cognitive control occurring after conflicts 

had been detected (Botvinick et al., 2001). The authors therefore concluded that the 

conflict monitoring view seems to be sufficient to account for adjustments in control as 

observed in behavioral paradigms. Meanwhile, even more direct evidence was added 

from a Stroop fMRI study by Kerns and colleagues (2004). Here, MCC activation was 

significantly associated with behavioral adjustments as well as with the engagement of 

prefrontal regions. Importantly, these relationships were demonstrated (a) on subsequent 

trials with MCC activation preceding adjustments in cognitive control as measured on 

both the behavioral and the neuronal level and (b) not only in an analysis scheme as 

used for the Gratton effect but also concerning post-error adaptations.  

 

Attentional processes at work: the Stroop task 

Recent research tried to elucidate the exact interplay of mechanisms for conflict 

monitoring and attentional control. The Stroop task may serve as an example to 

consider these processes a bit more thoroughly for two reasons. First, this paradigm has 

been studied for decades and quite elaborated models exist to explain processes 

underlying task execution. Second, a detailed description might be beneficial as this 

task will become relevant again in a later section of this manuscript. The explanations 

given here rely on a parallel distributed processing or connectionist framework.10 

 The major requirement of the Stroop task is to name the font-color of a 

presented color-word stimulus, which basically comes down to attending one while 

ignoring another but dominant dimension. The participant has to override the prepotent 

tendency to extract the word meaning, acquired over years of intensive practice, and 
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engage attention to bias the processing of the stimulus towards the task relevant 

dimension. Stimulus features are processed along specific pathways consisting of units 

at different levels. For example, in such a model color might be early coded in color 

units, being further processed by associative color-naming units and finally converge on 

specific response units. Importantly, by default the connections within the word-reading 

pathway are stronger, thereby representing the higher degree of automaticity (see Figure 

7a). Without any attentional control this constellation would lead to errors during task 

execution as soon as a mismatch of information conveyed from both stimulus 

dimensions occurs (as for example was the case for the word “green” written in red). 

 

 
Fig. 7. The Stroop task model. a) Without any effortful control and when confronted with 

an incongruent stimulus the prepotent response tendency is determined by the word 

meaning, in this case leading to an incorrect response. b) Task demand units, residuated in 

the prefrontal cortex, bias the information processing towards the task relevant stimulus 

dimensions (font-color) by the increase or the suppression of activation in the according 

pathways. The degree of activations and connections are modeled via circle- and bar-

thickness, respectively.  

 

To overcome this problem a new set of units, representing the relevant task demands 

(also including rules and goals), is introduced. Neuronally this module is believed to be 

situated in the prefrontal cortex (PFC). When activated, a task demand unit can send 

activity to other units in the relevant pathway, leading to a sensitization of these units 

for the input from earlier nodes (Figure 7b). The underlying assumptions are described 

in the guided activation theory of cognitive control (Miller & Cohen, 2001). A basic 

supposition of this theory is a nonlinear function relating a specific units input to its 

output (see Figure 8). At rest the exhibited activity is low and any input from earlier 
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nodes will have a low impact due to a flat reactivity function. However, by passing a 

sufficient amount of activity to this unit a task demand unit can shift the overall 

activation towards or beyond the middle of the reactivity function, thereby eventually 

crossing a prespecified threshold. This corresponds to a sensitization as the same 

amount of input results in augmented output for steep as compared to flat parts of the 

function. As this gain of input holds true for both excitatory and inhibitory information, 

this modulation, triggered by prefrontal regions, leads to an increase in the signal to 

noise ratio.  

 

 
Fig. 8. Reacitvity function of an information processing unit. With activity at 

rest a specific degree of input will lead to a lower level of output as compared 

to an activity state biased towards the middle of this function and experiencing 

the same degree of input activation.  

 

Taken together, it is assumed that this attentional filtering effect relies on the ability of 

the task demand units to guide the flow of activity in one but to attenuate it in another 

pathway. In the context of the Stroop paradigm, the information carried along the font-

color pathway is modulated towards an increase in gain, whereas activity in the word-

reading pathway is dampened, finally enabling participants to produce a correct 

response even while conflicting information from the word stimulus is present. Findings 

from the field of neuroimaging at least partially foster this view. Collecting fMRI data 

in a Stroop study using face stimuli, Egner and Hirsch (2005) found evidence for an 

augmented processing of task relevant stimulus dimensions due to increased cognitive 

control. This amplified cortical activation, observed in visual cortical regions, was 

accompanied by a tighter functional interaction with the dorsolateral prefrontal cortex.  
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To work on an assignment over an extended period of time, task demand 

representations have to be maintained active and need to be protected from disturbing, 

irrelevant influences. Such sustained prefrontal activity is already known and seems to 

be associated with recurrent excitatory connectivity and different synaptic and voltage-

gated conductances (see for example Durstewitz et al., 2000a; Durstewitz et al., 2000b). 

Nevertheless, on the one hand these processes undergo transitional changes and on the 

other hand an inflexible high allocation of attentional control would be very 

uneconomic, because it prevents attending other goals at the same time (as for example 

is necessary in dual-task designs). The question arises wherefrom the system knows 

when and to what degree top-down control has to be exerted. As was explained in an 

earlier section the prevention of conflict seems to be the main task of any attentional 

system, because it indicates ambiguous states in the information processing flow. To put 

it another way, the occurrence of conflict is a clear indication for the necessity of an 

increase in cognitive control. Now we can turn back again to the conflict-monitoring 

theory, which states that the MCC detects such undetermined neuronal states and 

signals the need for enhanced activity of the task demand units to the PFC. The 

described mechanisms constitute a regulatory loop which allows for transitional 

changes and adaptations during task performance (Figure 9).  

 

 
Fig. 9. Conflict monitoring and cognitive control in the Stroop task. a) With low degrees of cognitive 

control the offset in activations of response units might be to small to generate an unequivocal 

response tendency and is associated with conflict at this level, which then is detected by the MCC 

and b) triggers adjustments in control mechanisms, eventually leading to conflict resolution. The 

degree of activations and connections are modeled via circle- and bar-thickness, respectively. 
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Having been instructed, subjects establish a neuronal state according to the goals of the 

paradigm: prefrontal cortical regions bias relevant information processing pathways 

towards extraction and naming of the font-color in the Stroop task. This initial 

allocation of control in many subjects is not sufficient to allow for fast and accurate 

responding at the same time. Conflicts occur, themselves triggering adjustments in the 

allocation of attention resulting in more effective task performance over an extended 

period of time. However, after a while this control is released again, be it due to 

exhaustion or an intended downregulation for more effective utilization of resources, 

eventually leading to lapses in performance caused by interferences from the dominant 

word-reading pathway. Here, the regulatory loop closes as the degree of attentional 

control rises again after conflict detection. 

The assumption of a functional connectivity between prefrontal and 

midcingulate regions is fostered by the existence of reciprocal anatomical connections 

between these areas as mentioned beforehand (see 3.1.2) and has also been shown in 

several independent functional imaging studies (e.g. Kemmotsu et al., 2005). But 

Aston-Jones and Cohen (2005) additionaly suggest an approach, known as the adaptive 

gain theory, which posits an alternative mechanism mediated by the locus coeruleus 

(LC) and enabling the MCC to exert modulatory influences on the PFC and other 

widespread cortical regions. The LC is a brainstem nucleus known to be part of the 

norepinephrinergic system. It has been shown that this system not only plays a role in 

the regulation of global arousal, but also affects the behavior of neurons in a more 

subtle way. For example, norepinephrine can augment both excitatory and inhibitory 

evoked responses, while at the same time decreasing the rate of spontaneous discharges 

of the very same neuron (Waterhouse et al., 1984). When computationally modeled, 

such alterations are mirrored as an increase in the slope of the reactivity function 

(already introduced in Figure 8). This modulation leads to an enhancement of the 

contrast for a given pattern of neuronal activation. Resembling effects have been shown 

to be associated with phasic increases in the firing of neurons in the LC in response to 

target stimuli (but not distractors) during task performance (Aston-Jones et al., 1994). 

Moreover, phasic activation of these neurons seems to be coupled to the response within 

the same trial and precedes it by about 200 ms. Based on these interesting observations 
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Aston-Jones and Cohen hypothesize that this phenomenon is impelled by earlier 

evaluative mechanisms. The outcome of such decision processes, for example regarding 

reward expectations and conflict, seems to be signaled to the LC from orbitofrontal and 

midcingulate regions. Of importance, as long as there is a sufficient degree of cognitive 

control producing an, albeit small, offset for the correct response with its activation near 

or beyond the middle of the reactivity curve, the increased slope, due to 

norepinephrinergic release from LC also triggered via midcingulate conflict monitoring, 

will enhance the difference in activations between both response units. Please refer to 

Figure 10 for an exemplification of interactive effects from prefrontal and midcingulate 

regions on activations of response units.  

 

 
Fig. 10. Activation of response units as affected by attentional mechanisms. 

Depicted are the levels of activation for two information processing units at the 

response level under different cognitive states when confronted with an 

incongruent stimulus. a) Without control the wrong response (F) will show a 

higher degree of activation due to the pronounced automaticity in word reading. b) 

With prefrontal engagement the offset between the response units is augmented 

and higher for the correct response (C; naming of font-color). c) With a low degree 

of cognitive control the offset for the correct response might be present but too 

small, leading to conflict. d) After recruitment of the locus coeruleus (LC) the 

slope of the reactivity curve is increased what augments the signal to noise ratio.  
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Summarizing, we have delineated how several processes may interact enabling the 

effective performance on an interference task, as was exemplified for the Stroop 

paradigm. Prefrontal regions, representing the given demands of an experimental 

setting, bias the processing of stimuli in favor of relevant characteristics by interactions 

with areas specialized in sensory processing. Nevertheless, as the degree of this 

attentional control varies over time, once in a while conflicts in information processing 

may occur. The MCC detects such constellations and triggers adaptive processes to 

prevent potential lapses in performance. Again augmenting cognitive control on 

subsequent trials renders task execution more effective and establishes minimization of 

conflicts. In addition, within the same trial phasic norepinephrenergic release from 

neurons of the LC may help to solve a given conflict by increasing an existing offset in 

activations for feasible responses, thereby potentiating effects already initiated by the 

PFC.  

 

Concluding considerations 

During the previous sections of this chapter one concept of midcingulate functioning 

has been delineated, namely the conflict monitoring theory, also reviewing important 

empirical findings. Using a prominent interference task as an example, the interplay of 

the MCC with other cortical and subcortical regions was explicated. As initially 

indicated, this was done based on a broader framework of theories.8 Within the 

approach of Cohen and colleagues, attention is defined “...as the modulatory influence 

that representations of one type have on selection which (or to what degree) 

representations of other types are processed, that is, how representations of one type 

guide the flow of activity among other types...”  (Cohen et al., 2004, p. 76). This rather 

broad definition nicely pays tribute to the tremendous diversity of structures and 

mechanisms having been regarded as attentional. At the same time it does emphasize 

the various interactions of these processes over their discreteness. A classic example 

might be the distinction of “bottom-up” and “top-down” influences, as expressed in the 

biased competition theory (Desimone & Duncan, 1995). The modulation on information 

processing pathways introduced by prefrontal task demand units might serve as a clear 

example for a “top-down” effect. Likewise, “pop-out” effects due to salient stimulus 

characteristics in visual search tasks are regularly regarded as typical “bottom-up” 
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mechanisms and are covered in the above cited definition of attention as well, as they 

may alter the state and constellations of task demand units (Miller et al., 2001; Cohen et 

al., 2002). Of course, phenomena occur combining features of both “bottom-up” and 

“top-down” processes. Reactivity of the LC may be among those hybrid mechanisms, as 

it rests on evaluative higher order processes, but the norepinephrinergic modulation 

itself is rather unspecific and stimulus driven. However, phenomena associated with 

“bottom-up” processes disclose that parts of the picture are still missing as it has not yet 

been explained how cognitive strategies and behavior are flexibly guided across tasks or 

in situations with changing contexts or deminishing reward expectations. This section 

will be closed by introducing two more concepts embedded in the theoretical framework 

by Cohen and colleagues.  

We have priorily layed out the role of the LC in the solution of conflict via 

phasic release of norepinephrine. It has been shown that the LC does indeed switch 

between two modes of functioning: a phasic and a tonic mode, both of which seem to be 

mutually exclusive (e.g. Aston-Jones & Cohen, 2005). Compared to the phasic, the 

tonic mode rather seems to be stimulus indiscrimanitve and is believed to drive up an 

individuals’ exploration behavior until new sources of reward are identified. This is 

achieved by increasing the baseline release of norepinephrine making the system more 

responsive to any kind of stimulus. Although counterproductive for performance under 

reliable task conditions, it helps to explore alternative behaviors under situations where, 

for example, response security becomes increasingly attenuated due to degraded 

stimulus characteristics. Decreasing the depth of the stimulus color in a Stroop task may 

impair task performance up to a degree, where task disengagement might be the most 

appropriate solution from an economic perspective. As was already introduced, the 

switch between modes is hypothesized to be inititated by evaluative processes in 

orbitofrontal and midcingulate regions (Aston-Jones & Cohen, 2005). It has been 

proposed that the MCC might monitor conflict on two time-scales, a large (across 

several trials) and a narrow one (in response to specific stimuli) associated with the 

tonic and the phasic LC modes, respectively (Cohen et al., 2004). However, this notion 

still lacks theoretical elaboration and empirical evidence. Therefore, it has not yet been 

included in the actual conflict monitoring theory.  
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 A second mechanism supposed to play a role in disengagement or the update of 

task representations is a dopamine-mediated adaptive gating process, described in the 

adaptive gating theory (Braver & Cohen, 2000). This function is believed to be fulfilled 

by dopaminergic projections originating in the ventral tegmental area and terminating in 

the prefrontal cortex. Gating in this context refers to the ability of this system to toggle 

between two major states: protecting prefrontal represantions from external input to 

maintain a specific task set active over an extended period of time on the one hand; 

opening the gate to update or activate a more appropriate constellation of task 

representations on the other hand. Basic propositions are that this dopaminergic system 

does not only signal the hedonic value of a given stimulus, but contributes to learning 

processes (reward conditioning) associating predictive cues with dopaminergic 

reactivity, too. This phenomenon has formally been described in terms of a temporal 

difference learning algorithm (Sutton & Barto, 1990) leading to modulations of synaptic 

weights. Whenever a stimulus coupled with this kind of dopamine-based learning 

process is encountered, its processing in prefrontal regions is permitted. The exact 

neurophysiological processes providing this gating function, nevertheless, need further 

specification.  

 

3.2.2 Alternative approaches: Posner’s attentional networks, error processing and 

reinforcement learning 

On the next pages other views will be considered, which as well had or still have a 

major impact concerning research on the MCC and its contribution to attentional 

processes. Some shortcomings of the conflict monitoring perspective might become 

obvious, thereby enriching our perspective of this interesting and diversified piece of 

cortex. First, an influential framework will be presented, developed by Posner and 

coworkers, which dominated the literature on attention and associated processes quite a 

while. Although some of its initial proposals had to be rejected, it still serves very well 

as a frame of reference for the diversity of attentional phenomena. The line of research 

followed by Posner and colleagues also reminds us of aspects too often disregarded in 

basic cognitive neuroscience: interindividual variability and developmental changes. 

Then, another theoretical account will be introduced: the reinforcement learning theory. 

Focusing very much on error or feedback processing it offers a rather narrow view on 
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functional contributions. However, due to the high relevance of these processes for 

human performance monitoring and behavioral adjustments, this theory has attracted 

much attention. At last, several observations will be reviewed that do not directly relate 

to a specific functional account regarding the MCC, but nevertheless help to broaden 

our understanding.  

 

Posner’s theory on attentional networks 

As early as 1990 Posner and Peterson proposed three major attentional systems, each 

subserving a specific role: an alerting system, resting upon integrity of 

norepinephrinergic circuits and brainstem nuclei (especially the LC), whichs help to 

maintain an alert state; a posterior attention system, consisting of parietal areas, the 

superior colliculus and thalamic nuclei, playing a dominant role in flexible orienting of 

attention to relevant characteristics; an anterior system, especially associated with 

lateral and medial frontal structures (including the MCC), believed to contribute to cross 

modal target detection and global attentional control. During the years in-between this 

model has undergone several changes. Not only have the structures been specified in a 

bit more detail and major neurotransmitter systems have been assigned to each single 

network (see Table 1). There has also been some progress regarding functional 

interpretations, which holds especially true for the anterior attention system, eventually 

renamed as executive attention network. This network for executive attention is now 

believed to involve “…mechanisms for monitoring and resolving conflict among 

thoughts, feelings, and responses” (Posner & Rothbart, 2007a, p. 7). Similarly, the 

posterior attention system is now named orienting network.  

As is to be suspected, in its current implementation this model rather attributes 

specific attentional functions to networks than to distinct structures. It also assumes that 

the networks efficiencies are uncorrelated. This notion has been tested by combining a 

cued orienting and Flanker task within one paradigm, known as the Attention Network 

Test (ANT, Fan et al., 2002).11 Basically, the assumption of independent networks was 

approved by comparing interindividual performances in the ANT based on separate 

scores for alerting, orienting and executive attention. Three more lines of research have 

developed from this theory worth mentioning. First, much effort has been made to 

establish links between alleles of specific genes and the attentional networks (see 
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Posner et al., 2007b). Second, research on the development of attentional networks, with 

emphasize on the early lifespan, shed some light on maturational processes (Rueda et 

al., 2004). Third, with some success a training programm was developed putting special 

emphasize on improvement of executive attention (Rueda et al., 2005).  

 

 

Network Structures Neurotransmitter 

alerting locus coeruleus 

right frontal cortex 

parietal cortex 

norepinephrine 

orienting superior parietal cortex 

temporal parietal junction 

frontal eye fields 

superior colliculus 

acetylcholine 

executive attention midcingulate cortex 

prefrontal cortex 

basal ganglia 

dopamine 

Table 1. Basic features of Posner’s attentional networks.  

 

However, when it comes to the midcingulate region the current elaboration of this 

theory with its accentuation on broad networks is too unspecific to derive distinct 

hypotheses from it. In its earlier implementations Posner and colleagues believed the 

MCC not only to monitor attention at work but to play a direct role in control processes. 

As described earlier (section 3.2.1) this notion has meanwhile been revised. Shortly: as 

was shown in several studies (e.g. Botvinick et al., 1999, MacDonald et al., 2000) 

functional dissociations can be derived with the MCC being sensitive to conflict, 

whereas cognitive control, for example manipulated through changes of task sets, rather 

seems to be associated with prefrontal regions. Because of these observations and due to 

the somewhat unprecise functional descriptions assigned to specific regions, this theory 

does not contribute much to the understanding of cognitive processes specifically 

associated with the MCC, although correspondencies with those functions attributed to 

medial and lateral prefrontal regions according to the theoretical framework of Cohen 

and colleagues are obvious. Then again, Posner’s approach includes and specifies the 

orienting network associated with feature extraction and thereby explicitly encompasses 
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neuroanatomical structures directly exerting attention at an early processing stage. The 

theoretical framework of Cohen and collaborateurs on a neuroanatomical level largely 

lacks these aspects. Furthermore, Posner and colleagues pronounce interindividual 

differences regarding the actual constellation of these networks, a topic that has not yet 

been adressed by Cohen and colleagues.  

 

Error processing and the reinforcement learning theory 

Research regarding human performance monitoring was extremely boosted after the 

initial formal description, given by Falkenstein and colleagues (1990), of a negative 

deflection associated with erroneous responses and measured as event-related potential 

from EEG. This error-related negativity (ERN) shows maximum amplitude over fronto-

central scalp regions and peaks about 80 ms after response initiation (as determined 

from the electromyogram). The ERN was found to be sensitive to the relative 

importance of errors, as its amplitude increases when accuracy is emphasized over 

speed (e.g. Gehring et al., 1993). The magnitude of this potential also depends on the 

degree of error: it is augmented with responses given not only with the wrong finger but 

also with the incorrect hand, when a four-choice reaction task is to be processed and 

feasible responses are mapped to two fingers on each hand (Bernstein et al., 1995). 

Besides the already mentioned findings, some more interesting observations have been 

made of which one deserves special attention. Miltner et al. (1997) observed a similar 

scalp potential to feedback concerning the participants’ responses in a time-estimation 

task. Of note, this potential was clearly dissociated from response generation but shared 

the major characteristics of the classic ERN and, therefore, is often referred to as 

“feedback ERN”. This finding suggested that underlying systems are not exclusively 

tied to the evaluation of errors. These potentials furthermore seem to reflect the activity 

of a modality independent system (e.g. Holroyd et al., 1998) and the neuronal generator 

for both the classic and the feedback ERN has been traced to the midcingulate region by 

means of source localization (e.g. Miltner et al., 2003). In accordance with these 

observations, single unit recordings from monkeys early identified neuronal units 

showing increased firing rates in response to errors (Niki & Watanabe, 1979; for a more 

recent reference see Ito et al., 2003). For this reasons, it was concluded that the ERN is 
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generated in the MCC and reflects the activation of a high-level error or reward 

processing system.  

 Before introducing the formal assumptions of the reinforcement learning theory, 

another line of research will briefly be introduced concerning the functional 

contributions of the mesencephalic dopamine system. This system is constituted of 

nuclei, mainly situated in the substantia nigra and the ventral tegmental area (VTA), 

which project diffusely to the basal ganglia and the cortex. Among its cortical 

projections those to the perigenual and midcingulate regions are particularly 

pronounced. As already introduced (3.2.1), recent research pictures this system not only 

as a mediator of hedonic values of primary reinforcers, but it is also believed to 

contribute to learning mechanisms enabling the systems activation in anticipation of 

forthcoming reward. Dopaminergic activity may even fall below baseline in response to 

stimuli predicting punishment (Guarraci & Kapp, 1999). Phasic dopaminergic responses 

may therefore provide signals, including error signals, which are useful for adjusting the 

strength of stimulus-response associations in brain regions innervated by this system 

(Schultz et al., 1997).  

In their reinforcement learning theory Holroyd and Coles (2002; see also Figure 

11) propose the existence of multiple motor controllers, for example the dorsolateral 

prefrontal cortex, the orbitofrontal cortex or the amygdala, acting semi-independently 

and in parallel, trying to exert influence on the motor system. Each one of these motor 

control systems might serve a specific role in the guidance of motor behavior. Acting as 

a control filter the MCC determines which of the control systems is granted dominance 

over the motor system. The midcingulate cortex is trained to make these decisions based 

on the reinforcement signals conveyed to it via mesencephalic dopaminergic neurons, 

which project onto motor neurons of the MCC. Specifically, the theory holds that the 

MCC contains the mappings of high-level motor intentions into actions. Phasic 

dopaminergic activation is triggered by another system, called the adaptive critic, 

believed to reside in the basal ganglia. The adaptive critic monitors and compares 

ongoing and expected events and calculates the “goodness” (better or worse) of this 

contrast. Dopaminergic signals arrive at the apical dendrites of midcingulate motor 

neurons and modulate the amplitude of the ERN. Therefore, when ongoing events are 

worse than expected large ERNs are caused by decreases in dopaminergic activity, 
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whereas phasic increases in dopaminergic activity are associated with better than 

expected outcomes and lead to smaller ERNs. The underlying neurophysiological 

mechanism for the generation of ERNs therefore seems to be the disinhibition of 

midcingulate motor neurons (predominantly in the cCMA), which seems to be triggered 

by fluctuations of dopaminergic influx. Unexpected error responses and error feedback 

by this means cause the classic and the feedback ERN. These are associated with 

adjustments in intention to action motor mappings.  

 Taken together, the basic proposals of this theory are: a) the ERN reflects the 

transmission of a reinforcement learning signal to the MCC; b) this “error signal” is 

conveyed by the mesencephalic dopaminergic system; c) it trains the MCC to optimize 

task performance. Holroyd and Coles (2002) tested their assumptions by means of a 

formalized computational model. Simulations were used to generate behavioral and 

electrophysiological counterparts to human data in two separate experimental settings. 

These data were compared to results obtained from human subjects in according 

paradigms. The authors conclude (p. 700): “Although the model requires future 

elaboration, our initial simulations and experiments have yielded positive results that 

provide motivation for future research.” 

 

 
Fig. 11. The reinforcement learning theory. A schematic of the 

reinforcement learning theory, as based on observations regarding the 

error-related negativity (ERN).  
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Given that this publication is already about five years old, one might wonder what has 

happened in the meantime. As the reinforcement learning theory can be seen as an 

alternative approach to explain cognitive contributions of the MCC, Yeung, Botvinick 

and Cohen (2004) presented an explanation for midcingulate error processing within the 

conflict monitoring account. Their proposal is based on the observation that efforts to 

correct an error are found in a substantial number of affected trials and that this 

corrections are usually done in a fast and automatic way. Indeed, corrective behavior 

also occurs if participants are explicitly instructed to suppress such responses (e.g. 

Maylor et al., 1987). This phenomenon was believed to reflect continued information 

processing, which was basically supported by the observation that error correction rates 

increase as a function of stimulus duration (Rabbit, 1981). A prolonged stimulus 

processing may eventually lead to a neuronal configuration where the representation for 

the already executed but erroneous response still is activated, whereas the representation 

of correcting behavior just becomes increasingly activated. This constellation is 

associated with interference or conflict in information processing and therefore is 

indicated by increased activation of the MCC. Comparing computationally and 

experimentally derived data this proposal seemed to be sufficient to explain the 

occurrence of the classic ERN. Moreover, it did also account for additional findings 

such as modulations via speed-accuracy instructions, congruency or stimulus frequency 

effects (Falkenstein et al., 1990; Holroy & Coles, 2002).  

 However, the conflict monitoring perspective of ERN generation was challenged 

by functional dissociations of midcingulate activity that is stimulus-locked (reflecting 

conflict due to stimulus incongruency; measured as a negative scalp potential referred to 

as N2) as opposed to response-locked error processing (measured as ERN). In 2002 

Swick and Turken compared a patient (RN) with a left midcingulate lesion to a control 

group during Stroop task execution. RN exhibited marked increases in reaction times to 

incongruent stimuli. Importantly, RN’s ERPs indicated a decreased ERN but an 

augmented amplitude of the N2 as compared to controls. This finding was interpreted as 

being at odds with the assumption of a common neuronal generator for phenomena 

associated with conflict monitoring (e.g. the N2) and error processing (the ERN). In a 

reply to this challenge Yeung and Cohen (2004) offered an alternative explanation for 

RN’s impairments. Due to a rather anterior lesion in this patient, including only very 
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rostral but sparing most other parts of the MCC, the actual functional conflict 

monitoring unit might have stayed intact, but the lesion may have led to a disconnection 

of the prefrontal and the midcingulate cortex. As adjustments in cognitive control are 

assumed to be triggered by the MCC, impaired cognitive control or allocation of 

attention may be the main symptom. The inability to strongly bias stimulus processing 

towards the target would mean a higher degree of interference and would become 

manifest as an increased N2. At the same time this would be accompanied by an 

attenuated ERN due to the lowered degree of target processing. Comparing an impaired 

to their standard computational model, simulations exactly replicated the pattern of 

results as found with RN.  

 The issues and surveys discussed within the last two paragraphs are only a 

fraction, but can be regarded as representative highlights in the scientific discourse that 

evolved concerning error processing. At this point a statement can be cited that nicely 

points out the attitude shared by researchers of both groups.  

“…although the theories are superficially very different, they are not 

necessarily mutually exclusive. In particular, whereas our research has 

focused on how response errors might be detected on-line, Holroyd and 

Coles’s model is primarily concerned with the issue of how information 

about response errors is integrated with other evaluative information 

and then used in response selection. …it might be that errors are 

detected through conflict monitoring, as we suggest, but that this 

information guides response selection through the kind of reinforcement 

learning framework envisioned by Holroyd and Coles” (Yeung et al., 

2004, p. 953).  

Given this conclusion it is not astonishing to see members of both groups working and 

publishing together during recent years (as for example in Yeung, Holroyd, & Cohen, 

2005).  

 For a simple reason the conflict monitoring theory seems to be wider accepted in 

the scientific community: with a minimum of neurophysiologically founded 

assumptions it is capable of explaining most of the empirical findings associated with 

midcingulate functions, namely interference effects and response-error related 

processing in a variety of differing experimental paradigms. Nevertheless, it has a hard 
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time explaining feedback related activations in the MCC. This, on the other hand, seems 

to be very well covered within the reinforcement learning theory, which takes 

connections of the MCC and the mesencephalic dopamine system into account. Given 

the present cooperation of researchers from both groups one might expect a fusion of 

these two theories, the reinforcement learning and the conflict monitoring approach, in 

the near future.  

 

3.2.3 Beyond functional unity 

The theories discussed so far have one important thing in common: the midcingulate 

region is treated as functional unitary. Hence, findings demonstrating neuroanatomical 

diversity on both the macro- and the microstructural level are ignored in most parts. 

During the remainder of this chapter, findings will be discussed going beyond this 

simplifying view. 

 

Errors versus conflict 

In the preceding section, a line of reasoning within the conflict monitoring theory was 

explicated, which states that midcingulate activation to errors can be explained by 

means of post-response conflict due to prolonged stimulus processing. Critical to this 

explanation is that activations in response to conflict associated with both incongruent 

trials and errors should be observed within the same computational module or 

neuroanatomical region. Results of Carter and colleagues (1998) for example are in 

accordance with such an assumption, but it has to be added that this question only 

seldom has been taken into account. Directly addressing this topic Garavan and 

colleagues (2003) found regional specificity associated with the processing of errors and 

conflict. With a total of four statistically relevant clusters, local dissociations in 

midcingulate functioning were observed. In the anterior midcingulate region two 

clusters of activated voxels indicated a specialization in the processing of errors, 

whereas in a dorso-caudal part of the pMCC one cluster was exclusively activated under 

conditions of conflict. In between these two regions activations occurred to both errors 

and conflicts.  
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Effects of processing domain and response modality 

When describing the local fissurization of the midcingulate region a leftward 

asymmetric pattern in the occurrence of the paracingulate sulcus was mentioned. 

Moreover, Vogt and colleagues (1995) found the PCS to indicate a relative expansion of 

area 32’. In 1988 Vogt and Barbas reported that parts of area 32’ seem to be involved in 

vocalization behavior as inferred from effects of electrical stimulation. Based on these 

findings Paus et al. (1996b) proposed that the asymmetry in midcingulate cortical 

folding might be associated with the lateralization of speech. However, activations in 

area 32’ can be found in interference tasks devoid of the necessity to process data or 

respond in the verbal domain (e.g. Durston et al., 2003; Casey et al., 2000). 

Furthermore, animal studies (He et al., 1995) and human imaging data (Picard & Strick, 

1996) suggest a somatotopic mapping of the midcingulate region with representations 

for both face and arm regions having been reported to be found within rostral area 32’. 

Findings like these argue very much against an exclusive relationship between area 32’ 

(or midcingulate fissurization) and the processing or production of speech.  

 On the other hand, how can it be that distinct fields representing arms, legs and 

faces can be found in the MCC, but studies directly addressing differences in cortical 

mapping due to processing or response modality fail to produce such effects? Three 

fMRI studies conducted by independent groups tried to specify regional dissociations 

when manipulating processing domain or response modality (Barch et al., 2001; 

Hazeltine et al., 2003; Mitchell, 2005). Although prefrontal regions did indeed exhibit 

effects due to the relevant processing domain, in the midcingulate region such 

differentiations were absent. As an example: in their study from 2001, Barch et al. 

exposed subjects to the words “left” or “right” presented to the left or the right side of a 

central fixation cross. Applying a two by two design by combining the factors response 

and processing domain it was demanded to indicate verbally or manually either the 

location or the meaning of the word. On incongruent trials information from the other 

domain interfered. Reviewing the results of the three studies one might think of two 

explanations for zero-findings in such task contexts. First, the instruction nicely seems 

to separate the to be attended and to be ignored stimulus dimensions. One might 

speculate that prefrontal regions store relevant information (e.g. currently activated 

goals and relevant attentional mechanisms) for the “attend location” or “attend word” 



In focus: the midcingulate cortex 
 
 

 47 

conditions in distinct modules. However, interference in the incongruent condition (as 

operationalized by Barch et al.) is always cross-modal: with the word “left” being 

presented on the right side of the screen and attending the word meaning the 

interference is given by the spatial location, whereas the word meaning interferes with 

location being the relevant stimulus dimension. Second, as explained ealier the MCC 

shows a high degree of morphological variability. One can not rule out that 

interindividual differences in midcingulate fissurization obscure topographic differences 

in domain specific activations due to averaging across subjects. This would be 

especially likely with rather small sample sizes, as was the case in these studies 

(maximum number of participants = 15). A meta-analysis, as presented by Picard and 

colleagues (1996) obviously helps to reduce such a sampling bias. 

 

Separating conflict at the semantic and the response level 

Botvinick and colleagues assume that the MCC monitors for conflict at various levels of 

information processing, although in most of their published work results are interpreted 

as manifestations of response conflict. Similiarly, it has been discussed for quite a while 

now at what level of processing conflict occurs associated with interference effects in 

the Stroop task. To make a long story short, there is evidence from fMRI studies that 

both semantic and response conflict contribute to behavioral Stroop interference and 

that monitoring processes for these differenct sources of conflict are neuroanatomically 

dissociable (e.g. West et al., 2004). In the most recent study van Veen and Carter (2005) 

dissociated semantic and response conflict in a color-word Stroop task with manual 

responses. Specifically, stimuli consisted of four color-words and corresponding font-

colors, with two colors mapped onto the index finger of each hand. With incongruent 

trials the stimuli could induce predominantly semantic (responses due to stimulus 

characteristics delivered divergent information but pointed to the index finger of the 

same hand) or both semantic and response conflict (with stimulus features pointing to 

different hands). By comparing the semantic conflict to a neutral and the response 

conflict to the semantic conflict condition, the fMRI analysis separated non-overlapping 

clusters of activation for both semantic and response conflict, respectively.  
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The local heterogeneity concept 

Single-unit recordings from cells of the monkeys’ homologue to the human MCC have 

early found evidence for functional heterogeneity with different units being sensitive to 

errors, targets, rewards, motor responses or stimulus timing (e.g. Niki. 1979). Such 

recordings in human subjects can not easily be done and therefore studies are usually 

confined to the macroscopic perspective. However, in their study from 1998 Shima and 

Tanji delievered an interesting piece of information. When recording single-cell activity 

from monkeys during execution of a reward based decision task, they found, for 

example, that a much higher proportion of cells responded to movement selection based 

on reduced reward (about 37%) than to continuous reward delivery (7% only). Bush and 

colleagues (2002) used this and other information to specify their expectations 

regarding the degree of activation in different conditions, when collecting human fMRI 

data and mimicking Shima’s and Tanji’s task. Specifically, participants were instructed 

to press a button in response to a simple stimulus and to maintain this stimulus response 

mapping, for which a financial reward was granted on a trial by trial basis, until this 

reward was diminished or a second stimulus indicated “SWITCH”. With both the 

switch signal or a diminished reward subjects had to press a second button and to 

perseverate on this new stimulus response mapping, to again continuously receive the 

high amount of reward. Under this task conditions and based on the relative size of 

monkey cell populations, a higher fMRI activation was expected for the reduced as 

compared to the switch condition, while both should outlevel the continuous reward 

condition. The actual findings accurately mirrored the predicted outcomes.  

 

3.2.4 Conclusion 

The section on functional contributions of the MCC was started with the introduction of 

the conflict monitoring theory, which was then put into a broader context by integrating 

empirical and theoretical accounts more strongly associated with other neuroanatomical 

structures. The interactions of these processes were exemplified in the context of the 

well known color-naming Stroop task. Then, this theoretical framework was compared 

to the attentional network theory by Posner and colleagues as well as to the 

reinforcement learning theory brought forward by Holroyd and Coles. Besides its power 

in explaining a wealth of empirical findings, some major shortcomings of the conflict 
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monitoring approach were revealed by these comparisons. First, although it explicates 

mechanisms by which the PFC can modulate information processing streams, the exact 

neuronal implementations of such regulations are largely undefined. This is one reason 

why Posner’s model regularly is used as a frame of reference in textbooks on attention; 

it offers the opportunity to relate most neuroanatomically founded observations (as for 

example phenomena associated with selective attention or orienting etc.) to it. Second, 

Botvinick’s and Cohen’s theory does not incorporate observations directly relating the 

MCC and reward evaluation or activity of the dopaminergic system, although findings 

strongly suggest such associations by means of connectivity or single-unit recordings. 

Likewise, it lacks the ability to explain feedback related activation in the midcingulate 

region, probably because this is strongly linked to reward learning mechanisms as 

suggested by Holroyd and Coles. Even though it was shown that, from a general 

perspective, findings associated with the processing of response-errors and conflict can 

be modeled by using one single computational model, fMRI studies are in disagreement 

about the anatomical foundation of that assumption. This leads us to the basic 

proposition of all functional theories, which is the functional unity of the midcingulate 

region. Regional dissociations have not only been observed for error- and conflict-

related activation, but also for conflict on the semantic and the response level. At the 

same time local differentiations related to task or response modalities, which are to be 

expected due to strong evidence indicating a somatotopic organization of the MCC or 

its subdivisions, have not been found. The pronounced interindividual neuroanatomical 

variability, at least existent on the macroanatomical level, likely obscures such 

functional mappings due to rather small sample sizes with most functional imaging 

studies. Nevertheless, functional dissociations do appear and can even be found on the 

microscopic level, as functionally distinct cells do coexist within specific subregions of 

the MCC. This finding also reminds us that any global psychological theory does 

exclusively rely on a construct and its operationalizations. Specifically, when speaking 

about a process named conflict monitoring residing in the MCC, it still remains an open 

question how this function is neuroanatomically implemented. Can we expect to find a 

functional correspondence at the level of individual cells? How do distinct cells interact 

as a network to contribute to higher order processes? The main venture for the future 

will be to bridge these very different levels of research: psychologically based 
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constructs, functional dissociations, anatomical diversity, local heterogeneity and 

interindividual differences.  
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4.1 Abstract 

 

The midcingulate cortex (MCC) is thought to play a major role in executive processes. 

Studies assessing neuroanatomical attributes of this region report a high degree of 

morphological variability. Recent theories consider the fissurization of the cortex to be a 

product of gross mechanical processes related to cortical growth and local 

cytoarchitectural characteristics. Hence, regional sulcal patterning and gray matter 

volume are supposed to be associated. MCC fissurization was quantified in left- and 

righthanders of both sexes by recording the presence and extension of the paracingulate 

sulcus (PCS). Differences between groups regarding local gray matter volume were 

assessed by means of optimized voxel-based morphometry (oVBM) including 

additional modulation. Overall, the PCS occurred more often and was more pronounced 

in the left as compared to the right midcingulate region, although hemispheric 

differences were less pronounced in male left- and female righthanders. These 

discrepancies between groups seem to stem from variations of cingulate morphology in 

the left rather than the right hemisphere. Although most voxels indicated a bigger gray 

matter volume in the right hemisphere, the pattern of relevant group comparisons in the 

oVBM analysis indicated a similar interaction as in the fissurizational analysis. Taken 

together, evidence was found for discrepancies between groups and hemispheres on the 

macrostructural level. 
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4.2 Introduction 

 

The cingulate cortex is the most prominent structure of the human medial wall. 

Especially its anterior portion has been subject to intensive functional investigations. 

Recent research emphasizes the role of a dorsal subdivision of the anterior cingulate 

cortex (ACC) in a variety of cognitive processes, as for example executive control (Fan 

et al., 2003), conflict monitoring (Botvinick et al., 2004), response selection (van Veen 

et al., 2005), error processing (Mathalon et al., 2003) or reward-based decision making 

(Bush, G. et al., 2002). Up to now, no single unifying theory can explain the diversity 

found in studies on this regions functioning. Importantly, an adequate analysis of 

neuroimaging and electroencephalographic data may also have been hindered by 

interindividual variability of local neuroanatomy. 

 The most apparent pattern of morphologic variability in the ACC at a whole 

concerns the doubling of the cingulate gyrus (CG). According to Vogt et al. (1995) the 

more dorsal or paracingulate gyrus (PCG) predominantly contains, if present, area 

32(´).12 This latter cytoarchitectural field is believed to constitute a cingulofrontal 

transition area. In case of a single cingulate gyrus, area 32(´) is buried in the depth and 

the dorsal bank of the cingulate sulcus (CS). From a functional perspective, fMRI 

studies often show concurrent activations of areas 24(´) and 32(´) (e.g. van Veen et al., 

2005; Laird et al., 2005). For these reasons, the PCG should be included in the 

definition of an anterior cingulate region, as a differentiation based on cytoarchitectural 

characteristics is not possible in neuroimaging studies with human subjects. At present, 

sulci of the anterior cingulate region seem to be the only, but sufficient, guideline for 

the interpretation of functional and structural MRI data.  

Beyond this, when examining the cingulate region in its anterior to posterior 

extension, at a first glance it seems to be unitary from a gross morphological 

perspective. Nevertheless, recent studies suggest a functional fragmentation of this 

cerebral component. Focusing on anterior areas of the cingulate cortex, functional as 

well as cytoarchitectural research implies the existence of at least two major 

subdivisions subserving distinct functions: a midcingulate cognitive (midcingulate 

cortex, MCC) and a perigenual affective subdivision (perigenual anterior cingulate 

cortex, pACC; Bush et al., 2000; Devinsky et al., 1995; Vogt et al., 2005).  
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 Although extensively studied from a functional perspective, research addressing 

the structural variability in the anterior cingulate region is sparse. Paus and colleagues 

(1996b) quantitatively studied morphological characteristics of a region approximating 

the MCC in a large sample of 247 subjects. By measuring the occurrence and extension 

of the paracingulate sulcus (PCS), the degree of regional fissurization or the presence of 

a gyral doubling was specified. They found the PCS to be present and also more 

extended in the left as compared to the right hemisphere. Furthermore, whereas the PCS 

commonly was of intermediate size in males, females more often showed an absent or 

stronger developed PCS thereby demonstrating a higher degree of interindividual 

macroanatomical variability. Extending these findings, Yücel et al. (2001) additionally 

computed individual asymmetry metrics that were also indicative of a leftward pattern 

in MCC folding. This effect was more pronounced in male subjects while females 

tended to be more symmetric. Taken together, both studies imply a stronger cortical 

folding of the MCC in the left compared to the right hemisphere, but they differ with 

respect to gender-associated effects in regional fissurization.  

It has to be added that neither study assessed neuroanatomical variations 

associated with subjects’ handedness. Given the existence of about three distinct 

somatotopic organized cingulate motor areas in the MCC, this issue is of major interest 

(e.g. Picard & Strick, 1996). There also is ample evidence that handedness exerts 

influence on structural neuroanatomy not only by simple main effects, but also by 

complex interactions with other relevant factors. For example, Amunts et al. (2000) 

measured the depth of the central sulcus as an estimate of the hand motor area and 

found an inversion of cortical asymmetry with left- compared to right-handed males. A 

similar effect was not apparent in female subjects. Research on the planum temporale 

also underscores the existence of complex interactions between variables. In a study by 

Dos Santos Sequeira et al. (2006) an overall asymmetry with larger planum temporale 

in the left hemisphere emerged. However, the mean magnitude of this asymmetry was 

not determined by handedness, gender or speech lateralization alone, but varied as a 

consequence of their specific combination. 

Because mechanical processes of regional cortical growth are believed to drive 

cerebral fissurization (Armstrong et al., 1995), group differences in gray matter volume 

(GMV) of the MCC should be expected to mirror those of its regional folding. 
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Interestingly, studies on the cingulate GMV of schizophrenics and healthy subjects are 

not always in accordance with this assumption (for a discussion see Kopelman et al., 

2005). One important factor contributing to discrepancies between studies is the 

definition used to delineate the relevant region of interest. More specifically, the 

inclusion or exclusion of the PCG might lead to varying volumetric estimates. Manually 

tracing the intrasulcal gray matter of the cingulate and the paracingulate sulcus, Paus 

and coworkers (1996a) found a negative association between the respective volumes. 

When both sulci were present, larger paracingulate came along with smaller cingulate 

volumes. Unfortunately, the reported metrics of total regional GMV did not differentiate 

between individuals with single and double cingulate sulci. Nevertheless, given the 

definitional irregularities, even inversions of midcingulate volume asymmetries can be 

expected depending on the chosen dorsal border.  

 A recent study by Allen and colleagues (2003) took the “outside” sulcus as 

boundary in cases of sulcal doubling. Computing the cingulate GMV, they found a 

leftward asymmetry in males but not in females. Although these results confirm what 

can be expected from studies on anterior cingulate fissurization, it did not take further 

differentiations in cingulate neuroanatomy into account. It should be noted that studies 

on the fissurization of the ACC (Paus et al., 1996b; Yücel et al., 2001) hitherto 

approximated the midcingulate region, while those assessing regional GMV most often 

referred to the whole anterior region. Actually, the above cited metrics of Allen and 

coworkers were based on the entire cingulate region, therefore even including posterior 

parts.  

Summarizing with respect to the cognitive or midcingulate subdivision of the 

anterior cingulate cortex, findings suggest a leftward asymmetry in cortical folding as 

operationalized via assessment of PCS occurrence and expansion. Gender effects seem 

to exist, but their exact nature still needs clarification. Whether handedness is associated 

with differential patterns of gyrification in the MCC has not yet been in the focus of 

scientific investigation. Theories suggest a positive relationship between regional GMV 

and the degree of fissurization. Therefore, group differences regarding the amount of 

MCC gray matter should mirror those results on its gyrification. Having yielded 

contradictory results probably due to differences in the specific anterior cingulate 
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regions included, previously published studies are unable to unambiguously clarify this 

topic.  

To address the aforementioned issues, we assessed the main characteristics of 

MCC folding in a large sample of left- and right-handed subjects of both sexes utilizing 

structural magnetic resonance imaging (MRI). In addition, group differences in regional 

GMV were evaluated by optimized voxel-based morphometry including additional 

modulation (oVBM). This method can be regarded as a technically matured and 

automated procedure to analyze structural MRI data (Ashburner et al., 2000; Mechelli et 

al., 2005).  

 

4.3 Materials and Methods 

 

4.3.1 Subjects 

A total of 146 female and male students of the University of Trier underwent the MR 

scanning protocol described below. To assess the effects of handedness on midcingulate 

gyrification and GMV, nominal left- and right-handed participants were recruited. A 

modified version of the Edingburgh Handedness Inventory (EHI; Oldfield, 1971; a 

detailed description of relevant modifications can be found in Dos Santos Sequeira et 

al., 2006) was used to psychometrically validate individual handedness. Non-

correspondence of psychometric and nominal hand preference resulted in exclusion 

from analysis. Data sets showing artifacts were also excluded from further processing. 

None of the subjects reported a history of psychiatric or neurological disorders. Sulcal 

characteristics were measured in 84 left (female = 46, male = 38) and 58 right handers 

(female =32, male = 26). The sample for oVBM consisted of 46 left- (female = 23, male 

= 23) and 46 right-handed (female = 23, male = 23) subjects, randomly chosen from the 

pool of all datasets available. Fissurizational characteristics of these subgroups were 

assured to match those of the source samples. An equalization of sample sizes for 

oVBM was realized to circumvent problems associated with unbalanced variance 

analytic designs, such as an increased likelihood for the violation of its assumptions 

(e.g., multicollinearity or variance inhomogeneity). Participants’ age ranged from 19 to 

38 years (mean = 24 ± 3.55 years) and did not differ significantly between relevant 

subgroups. All participants gave written informed consent prior to study participation.  
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4.3.2 MRI protocol 

All scans were performed on a 1.5 Tesla Philips Gyroscan Intera system (Philips, 

Netherlands). Movement-related artefacts were minimized by stabilization of the 

participant’s head with foam cushions and an elastic forehead strap. Using Fast Field 

Echo acquisition, 160 contiguous T1-weighted (TR = 11.64 msec, TE = 3.3 msec) 1mm 

thick slices were collected in the axial plane. Given a congruent field of view (FOV) 

and in plane matrix (256 × 256 mm²; 256 × 256), resulting voxels were isotropic 

(1mm³).  

 

4.3.3 Classification of MCC fissurization and its statistical analyses 

In line with previous studies (Paus et al., 1996b; Vogt et al., 1995; Yücel et al., 2001; 

Yücel et al., 2002), we quantified individual MCC morphology by registering the 

occurrence and extension of the PCS. Anatomical images were analyzed using MRIcro 

(Rorden & Brett, 2000). To guarantee rater’s blindness to the subject and hemisphere 

under investigation, all images were coded and half of them were left/right flipped. 

First, the relevant region of interest (ROI) had to be delineated. In accordance 

with Yücel and colleagues we defined the anterior border of a sulcus as the turning 

point of its ventral to dorsal course. These turning points were specified by lines 

running perpendicular to the anterior/posterior commissural plane (AC-PC plane). The 

posterior boundary of the ROI was given by another line perpendicular to the AC-PC 

plane but crossing the anterior commissure.  

Second, a protocol was generated for the classification of MCC folding 

explicitness to guarantee reliability of these ratings. The PCS was defined as a sulcus 

running dorsal and parallel to the CS. Starting at a mid-sagittal slice the PCS had to be 

certified on at least three more lateral slices in the respective hemisphere. This was done 

to avoid confounding of hemispheres in the mid-sagittal view and to distinguish the 

PCS from other, often more superficial, sulci such as the intralimbic sulcus. If present, 

the extension of the PCS was registered voxelwise yielding a measure in millimeter 

resolution. Interruptions or gaps in the PCS course did not contribute to the length 

measurements. 

These data were then additionally transformed by grouping individual 

measurements per hemisphere in steps of 15 millimeters. This resulted in five categories 
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of MCC morphology ranging from absent (0) to prominent (4). This additional 

transformation to a discrete representation allows for statistical inferences otherwise not 

suitable due to a violation of relevant assumptions. The high number of cases without a 

PCS leads to a non-normal distribution. Non-parametric statistical approaches were thus 

used to examine the effects of interest. Specifically, the McNemar test was used to 

assess differences between hemispheres regarding the distributional similarity of PCS 

absence and presence as it compares paired proportions. As a generalization of the 

former statistical method the Bowker test examines matched pairs of categorical data 

with more than two levels and was applied to the discrete representations of PCS 

measurements as described above. A nonparametric alternative to the paired t-test is the 

Wilocxon signed-rank test which involves comparisons of differences between 

dependent measurements on the interval level. It was employed to directly appraise 

differences in PCS extent between hemispheres that not necessarily have to be reflected 

in varying distributions of categorical data. The Kruskal-Wallis H-test is often viewed 

as the nonparametric equivalent of the parametric one-way Analysis of Variance (one-

way ANOVA). Group comparisons were done for each hemisphere separately with the 

continuous measurement as dependent variable. These statistical procedures were 

repeated with dependent variables residualized for differences in individual brain 

volumes. Bihemsphieric brain volumes were derived via the methods explicated in 

section 4.3.5. Statistical analyses were conducted using the software package SPSS 12. 

In addition to nonparametric tests of significance, effect size estimates were computed 

using the procedures described in Rosenthal (1994). Here, r² are reported. This measure 

is an estimate for the explained variance and ranges from zero to one.13 

To quantify individual asymmetries in MCC fissurization for each subject, the 

relevant parameter for the right was subtracted from that of the left hemisphere. 

Therefore, a positive value of this metric indicates a leftward fissurization asymmetry.  

 

4.3.4 Classification reliability 

Intra-rater reliability for the classification protocol was evaluated by repeated 

measurements of the main rater (R.J.H.) for 50 randomly chosen anatomical images. 

After sufficient training in the assessment of MCC morphology, a second rater repeated 

the classification on another 50 randomly selected datasets for calculation of inter-rater 
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reliability. According to Wirtz et al. (2005), Spearman-Rho coefficients were calculated. 

Reliabilities for both hemispheres were computed and Fisher-Z transformed. These 

coefficients did not differ significantly. Mean reliabilities were 0.89 and 0.92 for 

between- and within-rater comparisons, respectively.  

 

4.3.5 Optimized voxel-based morphometry 

The VBM analysis was done with SPM2 developed by the Wellcome Institue (London, 

UK) running on MATLAB 6.1 (The MathWorks, Natrick, USA). Images were analyzed 

following the “optimized” procedure as described in Mechelli et al. (2005). Additional 

modulation was applied to identify differences in regional gray matter volume rather 

than concentration by multiplying the voxel densities with the Jacobian determinants 

obtained during spatial normalization. The information about absolut volumes is thereby 

preserved. This approach was chosen based on the assumed associations between 

regional fissurization and gray matter volume. Furthermore, the volume of the anterior 

cingulate cortex has been studied many times by means of manual tracing methods but 

still no consensus regarding group or hemispheric differences has been reached. An 

oVBM with modulation is less biased by specific sulcal borders and might therefore add 

information to this topic. Some processing steps were adapted to the needs of this study: 

templates and a priori images used were symmetrical and calculated from a subsample 

of all images suited for this analysis (N = 80; each of the four subgroups contributing 

equally). These images were normalized to match the MNI 305 template and flipped 

vertically in the midsagittal plane. Then, flipped and unflipped images were averaged. 

This symmetrical mean image was smoothed with an 8mm FWHM isotropic Gaussian 

kernel. Tissue specific templates were created after normalization and segmentation of 

the original images, followed by processing as mentioned. Symmetric a priori maps 

were made by flipping and averaging of maps provided with SPM2.14 

After modulation, images underwent successive masking processes to avoid 

hemispheric confounding in the area of interest. First, hemispheres were masked out 

and separately smoothed with a 12 mm FWHM Gaussian kernel. These images were 

masked again to prevent smearings across the midline into the other hemisphere. Then, 

both hemispheres were reintegrated into one dataset, from which the left and right ROIs 

were extracted. Anterior and posterior boundaries were determined as described for the 
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fissurizational analyses. Its lower boundary was given by the corpus callosum, whereas 

the dorsal border was defined being about 5mm above the average position of the PCS. 

These regions finally entered the statistical evaluation. 

The statistical analysis was done within the framework of the General Linear 

Model (GLM) in SPM2. Between-group analyses of GMV were performed with the 

total volume of both hemispheres as covariate. To derive estimates of bilateral 

hemispheric volume, images were first normalized and segmented. Subsequently, white 

and gray matter images were masked to retain the hemispheres while excluding the 

cerebellum and brainstem. Inverted deformation fields were computed from the spatial 

normalization parameters and applied to the masked and normalized images.17 This 

procedure resulted in a representation of the segmented hemispheres in native space. 

After thresholding these images at a customized level, the bilateral hemispheric volume 

was calculated by addition of gray and white matter voxels. 

Contrasts were defined to detect voxels indicative of group differences in 

regional GMV. Hemispheric comparisons within each group were made by left/right 

flipping and contrasting unflipped and flipped images. From the resulting statistical 

parameter maps, voxelwise measures for the size of the effect of interest were 

calculated. Here, values of ω² will be reported. This coefficient quantifies the degree of 

systematic or explained variance. As r², values of ω² span the range between zero and 

one. According to the classification of Kirk (1996) even small effects were deemed 

relevant. Effect size maps were thresholded at 0.01 and extension as well as mean ω² of 

relevant clusters (with nv
* > 350) will be reported. Why was this approach chosen? 

Given the exploratory nature of this study an a priori determination of the sample size 

was not possible.13 On the other hand, preprocessing of the images as well as a 

correction for multiple comparisons may inadequately lessen the power of the analysis. 

Moreover, even small differences might be relevant when regarding neuroanatomical 

variations between groups. Evaluating the results in terms of effect sizes is appropriate, 

as future studies may thus base their experimental design or interpretation on this report. 

 

 

                                                 
* nv indicates the number of voxels above the chosen threshold. 
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4.4 Results 

 

4.4.1 MCC surface morphology 

 

Hemispheric MCC folding asymmetry 

Overall, the PCS was more often found to be present than absent in the left hemisphere 

(75.4% vs. 24.6%), while the respective percentages were balanced in the right 

hemisphere (present = 47.9%, absent = 52.1%). This difference between hemispheres is 

reflected in a significant McNemar statistic (χ² = 17.83, p < 0.001; r² = 0.13). 

Considering all categories (five levels ranging from absent to prominent) and again 

comparing the left to the right hemisphere, the Bowker test confirms a distributional 

asymmetry (MH = 4.23, p < 0.001; r² = 0.08). The assumption of a more pronounced 

PCS in the left hemisphere (continuously measured) is verified by a significant 

Wilcoxon test (z = -4.67, p < 0.001; r² = 0.15). 

Assessing hemispheric differences in regional fissurization in each of the four 

groups, a disordinal interaction of sex and handedness became apparent. Thus, main 

effects will not be reported. Female righthanders as well as male lefthanders did not 

show significant hemispheric differences with respect to the occurrence of the PCS 

(McNemar test), nor did the latter demonstrate an asymmetrical distribution or 

statistically relevant discrepancies in PCS length between hemispheres (McNemar and 

Wilcoxon test respectively). Relevant test statistics are summarized in Table 2. 

Nonetheless, all subgroups displayed a leftward fissurization bias (see Figure 12). 

Frequencies and percentages specifying the PCS development are presented in Table 3.  

 

PCS occurrence distribution length 

 McNemar test Bowker test Wilcoxon test 

group p r² p r² p r² 

righthanders       

  males 0.01 0.26 0.01 0.30 0.01 0.42 

  females 0.12 0.08 0.02 0.16 0.01 0.22 
       

lefthanders       

  males 0.29 0.04 0.58 0.01 0.68 0.01 

  females 0.01 0.16 0.01 0.17 0.01 0.18 

Table 2. Hemispheric differences in regional fissurization.  
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Fig. 12. Distribution of individual MCC folding patterns (asymmetry 

index: left PCS – right PCS). Those cases were collapsed showing a 

leftward asymmetric, rightward asymmetric or a symmetric fissurization. 

In all groups, the leftward asymmetric pattern is the most common when 

compared to a symmetric or rightward folding pattern. 

 

 

  Absent    Prominent 

 PCS 0 1 2 3 4 

righthanders      

males            

 left 2 (7.7) 5 (19.2) 3 (11.5) 8 (30.8) 8 (30.8) 

 right 12 (46.2) 4 (15.4) 5 (19.2) 1 (3.8) 4 (15.4) 

females            

 left 7 (21.9) 5 (15.6) 12 (37.5) 7 (21.9) 1 (3.1) 

 right 14 (43.8) 8 (25) 5 (15.6) 5 (15.6) 0 (0) 

lefthanders           

males            

 left 14 (36.8) 5 (13.2) 10 (26.3) 8 (21.1) 1 (2.6) 

 right 21 (55.3) 2 (5.3) 3 (7.9) 10 (26.3) 2 (5.3) 

females            

 left 12 (26.1) 7 (15.2) 10 (21.7) 13 (28.3) 4 (8.7) 

 right 28 (60.9) 5 (10.9) 7 (15.2) 3 (6.5) 3 (6.5) 

Table 3. PCS classification in right- and lefthanded males and females. Frequencies and percentages 

(in parentheses; rounded to the first decimal) of PCS classifications in the left and right hemisphere; 

the categories range from 0 (absent, PCS < 15 mm) to 4 (prominent, PCS > 60 mm) in steps of 15 

mm.  
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Group differences per hemisphere 

Whether the left or right MCC folding contributes to the observed interaction of sex and 

handedness was assessed by means of Kruskal-Wallis H-test. This analysis was 

conducted on the continuous data and separately for each hemisphere, yielding 

statistically relevant group differences in the left (χ²(3) = 16.13, p ≤ 0.001; r² = 0.11) but 

not in the right midcingulate region (r² = 0.02). To further clarify this effect, post-hoc 

comparisons were computed according to the procedure advised by Conover (1980). 

Here, right-handed as well as left-handed males significantly differed from all other 

groups (comparisons based on critical mean rank differences corresponding to the 

significance level of p ≤ 0.05), with highest and lowest mean ranks for these 

subsamples, respectively (Table 4: mean ranks per group and hemisphere). Again, due 

to the pattern of contrasts indicating a disordinal interaction, an effect of handedness 

was not taken into further consideration. Distributional differences between groups in 

the categorical data were assessed by means of Kolmogorov-Smirnov-Z tests, none of 

which remained significant after the Bonferroni correction. 

 

  hemisphere 

group  left right 

righthanders    

  males  98.46 75.60 

  females  68.95 71.92 
    

lefthanders    

  males  57.20 76.82 

  females  69.85 64.50 

Table 4. Mean ranks of PCS length per group and 

hemisphere 

 

Association of midcingulate fissurizaion and individual brain volumes 

Whether the obtained results concerning hemispheric and group differences in MCC 

fissurization are independent of individual brain volumes, was assessed by repeating the 

statistical analyses after the dependent variables had been corrected for this variate by 

means of residualization. The pattern of results was not significantly altered. To avoid 

redundancies without providing additional information, these statistics will not be 
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reported. However, refer to Table 5 for correlations of fissurizational indices and brain 

volumes. None of the correlation coefficients reached statistical significance. 

 

  hemisphere 

group  left right 

righthanders    

  males  0.25 0.19 

  females  0.01 0.08 
    

lefthanders    

  males  0.11 -0.11 

  females  0.09 0.17 

Table 5. Correlations of brain volume and 

midcingulate fissurization per hemisphere and 

group. 

 

4.4.2 Optimized voxel-based morphometry 

 

Hemispheric asymmetry per group 

Contrasting unflipped and flipped modulated images for each group, relevant clusters in 

the left MCC indicate left-bigger-than-right and those in the right hemisphere right-

bigger-than-left volumetric differences. In all groups, clusters of substantial size 

emerged in both the left and right cingulate regions. Clusters indicating bigger volume 

in the right than the left cingulate showed a wider extension in all groups. Notably, 

right-handed males displayed the strongest effects and widest spatial extension 

regarding the left-bigger-than-right cingulate comparison (see Figure 13). Differences in 

the left hemisphere were clearly located in the sulci, while those in the right cingulate 

region were more focused near the gyral crests. Table 6 summarizes these results.  

 

Effects of sex and handedness on regional gray matter volume 

Right- and left-handed male and female subjects were compared while controlling for 

global neocortical volumes. A substantial cluster indicated a gender difference with 

higher regional gray matter volume in females in the right dorsal ROI (nv = 2016, mean 

ω² = 0.02, max ω² = 0.06). Besides, righthanders as compared to lefthanders showed 

higher gray matter volume in two clusters in the left hemisphere (nv = 1576, mean ω² = 

0.02, max ω² = 0.04; nv = 1827, mean ω² = 0.02, max ω² = 0.07). Assessing the 
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interaction of sex and handedness, right-handed males showed higher GMV than the 

other groups in two regions of the left dorsal (nv = 498, mean ω² = 0.02, max ω² = 0.03; 

nv = 950, mean ω² = 0.03, max ω² = 0.06) and one cluster in the right rostro-ventral area 

(nv = 961, mean ω² = 0.03, max ω² = 0.09, see also Figure 14).  

 

 
Fig. 13. Hemispheric comparison in right-handed males. Colored areas in the left 

hemisphere depict higher gray matter volume in the left cingulate region, while those 

in right hemisphere indicate the reversed pattern. The effect size is reported as ω² 

thresholded at 0.01. 

 

  left > right right > left 

group  cluster size ω² cluster size ω² 

righthanders      

  males  3569 0.11/0.43 4754 0.12/0.71 

  females  1820 0.05/0.15 7200 0.16/0.53 
      

lefthanders      

  males  1648 0.04/0.12 5485 0.12/0.56 

  females  1349 0.09/0.31 8217 0.12/0.66 

Table 6. VBM: volumetric anterior cingulate asymmetry. Cluster size is 

measured in number of relevant voxels (1 mm cubic); also reported are values 

of mean and maximal ω² for each cluster.  
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Fig. 14. VBM: interaction of sex and handedness. Clusters of voxels indicating higher 

gray matter volume in right-handed males as compared to the other groups. Images are 

thresholded at ω² = 0.01. 

 

4.5 Discussion 

 

4.5.1 MCC fissurization 

Overall, the PCS occurred more often and was more pronounced (as indicated by 

distributional and length differences) in the left compared to the right midcingulate 

region. Accordingly, all groups of interest (left- or right-handed males and females) 

displayed a bias towards a leftward asymmetry relative to symmetric or rightward 

folding patterns. Nonetheless, significant hemispheric differences on all levels of 

analysis occurred in male right- and female lefthanders, while discrepancies were 

diminished in male left- and female righthanders (but notice the differentiation in the 

latter group with respect to measures of PCS occurrence and extension). This 

interaction-like pattern in the asymmetry metrics and hemispheric comparisons within 

groups seems to stem from variations of cingulate morphology between groups in the 

left rather than the right hemisphere. Moreover, the degree of regional midcingulate 

fissurization seems to be independent from brain volume. 

 An overall asymmetry in fissurization of the MCC was reported by qualitative 

post-mortem (Ide et al., 1999; Vogt et al., 1995) as well as quantitative MRI-based 

studies (Paus et al., 1996b; Yücel et al., 2001). Our results are consistent with these 

findings. Moreover, this leftward asymmetry bias was more common compared to a 

symmetric or rightward folding pattern in all four subgroups. Gender differences 
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observed in right-handed participants replicate the findings of Yücel et al. (2001), while 

corresponding effects of sex in lefthanders have not been investigated before. The 

observed inversion in lefthanders mirrors results of studies on other anatomical 

structures such as the planum temporale (Dos Santos Sequeira et al., 2006) or the 

precentral area (Amunts et al., 2000). Hemispheric differences in the cingulate region 

due to variations in cortical folding of the left but not the right MCC are also found in 

schizophrenics (Yücel et al., 2000). Here, patients lacked the sulcal leftward asymmetry, 

which was explained by reduced fissurization of the left anterior cingulate cortex.  

 Work on the ontogeny of gyrification suggests an association between gross 

morphological and variations on the microstructural level. Studies of Zilles et al. (1996) 

and Armstrong and colleagues (1995) corroborate a mechanical hypothesis of cortical 

folding. Mechanical forces generated by differently sized strata within the cortical 

mantle are believed to drive the degree of gyrification. In contrast, Welker (1990) 

assumes stronger growth processes in one compared to a neighbouring cortical field as 

major determinant of folding, while the placement, orientation and depth of sulci may 

additionally be influenced by characteristics of underlying fasciculi. The already cited 

work of Vogt et al. (1995) additionally supports the notion of a correlation between 

cingulate macro- and microstructural features. As the distribution of area 32(´) differs 

between cases with and without PCS, a prominent PCS seems to be indicative of a more 

extended area 32(´) and therefore is likely to denote a bigger regional GMV in the MCC. 

Whatever the exact nature of microstructural characteristics underlying regional 

fissurization is, results point to substantial differences between groups in the structural 

organisation of the MCC.  

 

4.5.2 MCC gray matter volume 

By comparing flipped and unflipped images per group, we found relevant clusters 

indicating a left bigger than right volumetric relationship in our region of interest. 

Although this effect was present in all subsamples, it was most pronounced regarding 

spatial extent and variance explained in right-handed males. Interestingly, those clusters 

indicating higher GMV in the left hemisphere approximated regions in the cingulate and 

paracingulate sulci. This emphasizes the existence of an association between local 

fissurization and GMV and is in accordance with theories on cortical fissurization. 
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Nevertheless, in each group a higher number of voxels indicated an increased gray 

matter volume in the right relative to the left midcingulate region. These regions were 

strongly oriented towards the medial surface. This pattern of results raises the questions 

whether more subtle cortical asymmetries might exist than those normally reported. 

While ROI measurements based on sulcal or gyral borders necessarily reveal large scale 

volumetric characteristics, oVBM analyses may be more sensitive to variations on a 

lower neuroanatomical level as detailed information regarding precise boundaries of a 

region is not requisite and voxel-wise comparisons are obtained. 

Group comparisons regarding regional GMV also indicated an interaction with 

higher left cingulate volumes in right-handed males compared to the other subsamples 

in extended voxel-clusters. This result again is consistent with those obtained from 

fissurizational analyses. Moreover, main effects of handedness and gender emerged 

with higher gray matter volumes in the left and right ROI, respectively. These 

comparisons, on the other hand, are not in full agreement with the results obtained from 

the analyses on MCC fissurization.  

The regional amount of gray matter probably results from an interaction of a 

variety of different factors. These may play a role in early developmental cellular events 

such as proliferation, migration, aggregation or programmed cell death (see Toro et al., 

2005). Furthermore, postnatal factors also exert influence on the development of the 

cortical mantle (Armstrong et al., 1995). Individual experiences, nutritional factors, and 

the development of axonal connections are major candidates, just to name a few. Still, 

the exact processes and its interactions driving cortical fissurization and gray matter 

development need further clarification. Reviewing the literature in that field is beyond 

the scope of this article (but see Toro et al., 2005; Armstrong et al., 1995; Chi et al., 

1977; Van Essen, 1997). Given these complexities of maturational processes, the 

assumed association between regional fissurization and GMV is probably far from 

perfect. Moreover, it is reasonable to assume an additional decline regarding the 

interrelations of above mentioned factors during aging. 

Nonetheless, we found substantial volumetric differences in the midcingulate 

gray matter with the observed patterns underscoring the existence of an association 

between fissurizational and gray matter characteristics on the group level. These results 

also indicate that hemispheric asymmetries with respect to GMV might even be more 
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specific than initially assumed. Methodological differences between studies seem to 

play a major role contributing to divergent results. Modern applications of MRI allow 

for the analysis of a variety of cortical attributes such as surface area, cortical thickness, 

GM volume, sulcal depth, regional gyrification or curvature (see Rettmann et al., 2005). 

It would not be surprising if not all of these measures showed the same pattern of 

asymmetry. Even within the same methodological approach, differences between 

studies are to be expected due to variations in the image preprocessing. For example, the 

use of a stronger or weaker smoothing kernel could bias the results towards lower or 

more pronounced regional effects in the left cingulate region, respectively. Obviously, 

more research is needed to solve at least some of the issues just outlined (an interesting 

discussion of some methodological challenges can be found in Lüders et al., 2005). 

One additional point in the volumetric analysis might be of interest. 

Comparisons indicating the expected differences between groups in the left region of 

interest also displayed a cluster of higher GMV in a right rostro-ventral area. Future 

studies will have to replicate this finding. It would be interesting to see whether an 

augmented relative leftward asymmetry in midcingulate areas goes hand in hand with a 

bihemispheric effect or a reversed asymmetry in the adjacent right perigenual region. 

This finding would further corroborate those models favoring the distinction of a 

cognitive and an emotional subdivision of the ACC (e.g., Bush et al., 2000). 

Delineations of the region of interest in the studies of Paus and Yücel approximated the 

borders of the MCC. We chose the definiton of the region of interest in accordance with 

these studies (more specifically with the one of Yücel et al., 2001). This was done to 

protect against differential results caused by variations in relevant borders defined. 

Reviewing the literature in this respect, functional as well as cytoarchitecural surveys 

suggest that both anterior and posterior borders should probably be moved caudally by 

about 10 mm to more precisely approximate the MCC and distinguish it from the 

perigenual ACC (Bush et al, 2000; Vogt et al., 2003). Nonetheless, it is unlikely that 

these changes would affect the observed patterns in fissurization and GMV to a high 

degree, because the PCS as well as cingulate clusters indicating volumetric differences 

between groups were most often found in midcingulate portions. 
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4.5.3 Functional implications 

Taken together, findings from different scientific groups and fields of research 

underscore the existence of cytoarchitectural variations as well as differences in the 

amount of local gray matter volume associated with the sulcal patterning of the MCC. 

One might therefore hypothesize about qualitative or quantitative differences in 

cognitive and neuropsychological functioning between subjects with and without a PCS. 

This seems to be interwoven with the question of group differences due to sex or 

handedness in processes tapped by the MCC. Presently, the exact contributions of this 

region to cognition are under investigation and need clarification. Given that the 

occurrence of a PCS might indicate a relative expansion of area 32(´), Paus and 

colleagues speculated about the midcingulate asymmetry being a phenomenon similar 

to that found in the planum temporale. An association of morphological cingulate 

asymmetry and language lateralization was therefore expected. Their assumption was 

based on findings showing area 32(´) involvement in vocalizations of primates. Further 

support came from data of functional activation studies during verbal tasks (Paus et al., 

1996b) showing a cluster of activations that matched the paracingulate region. 

However, findings published after those of Paus and colleagues advice 

reconsideration. Functional imaging during performance of flanker task variants reveals 

activations in area 32(´). Importantly, two studies report such results although the tasks 

did not require processing or responding in the verbal domain (Casey et al., 2000; 

Durston et al., 2003). Studies directly assessing the effects of processing domain or 

response modality on the pattern of activations also lack evidence for such a 

differentiation in the MCC. Using a spatial Stroop task with conditions tapping both 

verbal and spatial processing as well as responding, Barch et al. (2001) found the MCC 

to respond in an unspecific manner. Hazeltine and colleagues (2003) drew the same 

conclusion based on a different operationalization utilizing manual responses to colours 

and letters as task-relevant stimuli in a flanker paradigm. Even though modality specific 

effects were found in prefrontal areas, anterior cingulate regions responded similarly to 

conflict with colours and letters. The most recent study adressing this question (Mitchell 

et al., 2005), again found no effect of task-relevant information in the anterior cingulate 

when comparing responses to colour, number, and shape Stroop tasks. On the other 

hand, topographic differentiations due to processing or response domain may be 
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obscured by the high degree of interindividual morphological variability in this region. 

Averaging procedures with small sample sizes, as are rather common in fMRI studies, 

are especially vulnerable to such methodological difficulties.  

Nevertheless, there is evidence generally supporting the functional relevance of 

morphologic asymmetry in the MCC. For example, schizophrenic patients and young 

men at high-risk of developing a psychotic illness show a substantial reduction of sulcal 

asymmetry in the MCC (Le Provost et al., 2003; Yücel et al., 2002; Yücel et al., 2003). 

While a direct association between these neuroanatomical abnormalities and positive or 

negative symptoms was not found in the study of Le Provost et al. (2003), many PET 

and fMRI studies have shown decreases of MCC activations in schizophrenia (van Veen 

et al., 2002). Direct evidence is added by Fornito et al. (2004): subjects with varying 

PCS asymmetry were compared in tasks engaging executive cognitive processes to 

differing degrees. Those subjects displaying a leftward asymmetric pattern showed 

superior performance in both non-verbal and verbal executive tasks. This difference 

between groups was not apparent in tasks which more strongly engaged memory 

processes.  

 

To summarize, prior findings of gender differences regarding midcingulate fissurization 

could be replicated. As was found when assessing neuroanatomical attributes of other 

cortical regions, the fissurizational pattern observed in right-handed subjects was 

reversed in lefthanders. Group differences in regional gray matter volume similar to 

those just described were detected in the left cingulate sulci. Nevertheless, overall the 

effects demonstrate a higher global GMV in the right hemisphere, as was also 

frequently found for the frontal lobes. Whether more subtle asymmetries do in fact exist 

needs further clarification. Current findings suggest a functional relevance of such 

morphologic variations, but their exact impact on cognitive functioning still has to be 

investigated.  
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Chapter 5 

 

Hemispheric and gender-related differences in 

the midcingulum bundle: a diffusion tensor 

imaging study 
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5.1 Abstract 

 

The midcingulate cortex and the underlying midcingulum bundle (MCB) play a major 

role in attention, and more specifically in conflict monitoring. Nevertheless, research 

characterizing the morphological variability of this region is sparse. The present study 

examined the micro- and macrostructure of the MCB in both hemispheres by means of 

diffusion-tensor imaging, and evaluated effects of sex and handedness on 

neuroanatomical attributes. Measures of fractional anisotropy, mean diffusion, as well 

as the white matter volumes of the MCBs were assessed. By integration of multi-modal 

images, the MCB was isolated and confounding with callosal fibers was avoided. 

Evidence was found indicating differences between hemispheres and gender regarding 

both volume and microstructural characteristics of the MCB. Handedness did not 

emerge as relevant factor in the analyses. These findings might indicate a higher 

functional connectivity of the left MCB and in males as compared to females. 
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5.2 Introduction 

 

The midcingulate cortex (MCC) seems to be involved in higher-level cognitive 

processes such as conflict monitoring, response selection, error monitoring, and reward-

based decision making (Devinsky et al., 1995). A wealth of studies focused on the 

functional characteristics of this region. Nevertheless, a unifying theory accounting for 

relevant findings still has to be developed. A conclusive interpretation of the data might 

additionally be hampered by the insufficient description of germane regional 

morphologic attributes. Although the anatomic features of the MCC have been 

described on the macro- and microstructural level by some groups (Vogt et al., 

1995/2003; Paus et al., 1996a/1996b; Yücel et al., 2001; Huster et al., 2007), research 

assessing pertinent characteristics of the underlying white matter tract is comparably 

sparse. Along its rostro-caudal course the cingulum bundle carries many associative 

fibers, which are originating and terminating in other than cingulate regions as well 

(Schmahmann et al., 2007). Nevertheless, it has to be assumed that the functionality of 

the MCC heavily relies on characteristics and the integrity of the underlying 

midcingulum bundle (MCB; Benes, 1993). A functional relevance of the MCB is 

further supported by studies on psychopathological phenomena such as schizophrenia, 

where alterations of its neuroanatomical attributes are found (see below).  

Some studies have been conducted to describe the overall pattern of cingulate 

connectivity as observed in dissected monkey brains (Mufson & Pandya, 1984; 

Schmahmann et al., 2007; Vogt et al., 1987). However, concerning human subjects and 

interindividual or hemispheric differences in cingulum bundle morphology, there is a 

clear lack of relevant surveys. Of course, direct assessments of macro- and 

microstructural white matter characteristics are seldom done due to the highly invasive 

nature of such examinations. On the other hand, there are obvious difficulties in the 

extraction of this fasciculus by means of magnetic resonance imaging (MRI) as well. 

Using conventional anatomical MRI (T1- or T2-weighted), the MCB lacks clear 

boundaries to adjacent fiber tracts. This holds especially true for its ventral periphery, 

where the white matter of the cingulum bundle and callosal fibers seem to fuse. Such 

potential confounding can be overcome by use of diffusion tensor imaging (DTI). This 

method acquires information about the random translational motion of molecules 
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(normally water molecules are studied). Because in brain tissue this so-called Brownian 

motion is interfered by tissue components such as cell membranes, macromolecules or 

fibers, DTI provides information about microstructural characteristics. Molecular 

mobility in different directions is normally not affected to the same degree. Anisotropic 

molecular displacement can be detected by measuring diffusion in several directions. To 

describe the underlying neuronal architecture for a given voxel, measures of mean 

diffusion and anisotropy for these molecular processes can be reported. Because fiber 

tracts differ in their directionality and DTI is sensitive to these differences, this method 

can be used to avoid confounding of adjacent white matter fasciculi and to describe their 

characteristics at the microscopic level.  

Only few studies using DTI to describe MCB characteristics in healthy subjects 

have been conducted. Nevertheless, effects of specific demographic factors on relevant 

white matter features in this region are to be expected for at least two reasons. First, it 

already has been shown that both gender and handedness are associated with varieties in 

regional fissurization and gray matter volume (Huster et al., 2007; Paus et al., 1996a; 

Paus et al., 1996b; Vogt et al., 1995; Yücel et al., 2001). Second, the MCC contains 

three cingulate motor areas which seem to be organized in a somatotopic manner, 

including separate or dissociable representations for the arms (Picard & Strick, 2001; 

Strick et al., 1998). Gong and colleagues (2005a; 2005b) assessed hemispheric 

differences as well as possible effects of gender and handedness in two distinct studies. 

Summarizing, a left-greater-than-right asymmetry of anisotropy was found in the MCB. 

Regarding gender differences, males showed a trend towards higher fractional 

anisotropy when compared to females. Additionally, righthanders differed from left-

handed subjects, the former showing bilaterally higher anisotropy. Using a voxel-based 

morphometric approach to DTI data, Büchel et al. (2004) compared left- and right-

handed subjects, but did not find differences between groups in cingulate white matter. 

Therefore, further research is needed to clarify the effects of handedness and gender on 

MCB characteristics. Whether there is an interaction of gender and handedness has yet 

to be determined, since Gong et al. assessed relevant effects in two separate samples. 

Further support for hemispheric differences in the MCB stems from studies on 

schizophrenic patients. When side differences were examined, higher white matter 

anisotropy in the left as compared to the right midcingulum fibers was found in controls 
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and in patients (e.g., Wang et al., 2004; Kubicki et al., 2003; Park et al., 2004). These 

studies also observed a bilateral reduction in anisotropy and a diminished asymmetry in 

patients. Altered patterns of cytoarchitectural properties of the MCB in schizophrenics 

as measured by DTI argue in favor of a general functional relevance. Moreover, Nestor 

and colleagues (2004), using DTI to control for possible confounding with callosal 

fibers, found a substantial association between executive functions related to 

performance monitoring and volume of the left but not the right MCB.  

Although the MCB presumably plays an important role in cognitive functioning, 

relatively little is known about morphologic characteristics of this fasciculus. The lack 

of obvious boundaries between fibers of the MCB and other tracts in conventional 

structural MRI might be one reason. This problem can be solved by use of DTI. We 

combined both structural MRI and DTI to avoid confounding of cingulate and callosal 

fibers in the midcingulate region. Measures of mean molecular displacement and 

diffusional anisotropy were derived to assess the microstructural attributes of the MCB. 

Microstructural and volumetric properties were evaluated with respect to hemispheric 

differences as well as effects of gender and handedness. 

 

5.3 Methods 

 

5.3.1 Subjects 

A total of 89 female and male students from the University of Trier (Germany) 

underwent the scanning protocol as described below. To assess the effects of 

handedness, nominal left- and right-handed persons were recruited. Written informed 

consent was obtained from all subjects prior to study participation. Nominal handedness 

was validated using a modified version of the Edingburgh Handedness Inventory (EHI; 

Oldfield, 1971; for a detailed description of modifications see Dos Santos Sequeira et 

al., 2006). Artifactual data sets were excluded from the analysis, as were participants 

showing non-correspondence of psychometric and nominal hand preference (2 cases 

only). Divergent information regarding the subjects’ handedness could indicate an 

ambiguous laterality in this respect and might dilute the distinction between right- and 

left-handed participants. None of the participants reported a history of neurological or 

psychiatric disorders. The final sample consisted of 45 left- (24 females, 21 males) and 
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34 righthanders (17 females, 17 males). The age of the subjects ranged from 19 to 34 

years (mean 23.8 ± 3.45 years) and did not differ significantly between subgroups.  

 

5.3.2 MRI protocol 

All scans were performed on a 1.5 Tesla Philips Gyroscan Intera system (Philips, 

Netherlands). Movement-related artifacts were minimized by stabilization of the 

participant’s head with foam cushions and an elastic forehead strap. Anatomical images 

were obtained using a Fast Field Echo sequence. In total, 160 contiguous T1-weighted 

(TR = 11.64 msec, TE = 3.3 msec) 1 mm thick slices were collected in the axial plane. 

Given a congruent field of view (FOV; 256 × 256 mm) and in plane matrix (256 × 256), 

resulting voxels were isotropic (1 × 1 × 1 mm). Diffusion-weighted images were 

acquired with a multishot echo-planar imaging sequence (TE = 98 msec) in six non-

collinear directions (weighting factor: b = 600 sec/mm²). Thirty-five slices (3 mm 

thickness, no gap) were obtained in the axial plane. The recording matrix was defined as 

128 × 128 with a field of view of 200 × 200 mm. In addition, a reference image (b = 0 

sec/mm²; B0-image) was recorded. Motion-related artifacts were reduced via cardiac 

triggering and navigator echo motion correction. 

 

5.3.3 DTI parametrization 

Post-processing of the images was conducted via routines written in MATLAB (Version 

6.1, The MathWorks, Natrick, USA). First, the six independent elements of the 

diffusion tensor were determined using multivariate linear least square estimation. The 

three eigenvectors and the corresponding eigenvalues were then obtained through 

diagonalization of the diffusion tensor. To evaluate the microstructural characteristics of 

the MCB, measures of mean diffusion (MD) and fractional anisotropy (FA) were 

calculated voxelwise (Le Bihan et al., 2001). MD represents the mean of the three 

eigenvalues, with lower scores indicating a lower degree of overall diffusion. To 

characterize the anisotropy of molecular displacement, FA maps were obtained 

according to Basser and Pierpaoli (1996). FA measures the fraction of diffusional 

processes that can be described as anisotropic (Brownian motion is higher in one as 

compared to the other directions).15 FA ranges from 0 to 1, where the latter would 

indicate perfect anisotropy. Because FA demonstrated lower sensitivity to noise in 
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several studies, it was given preference over other indices of anisotropy (e.g., Hasan et 

al., 2004). 

 

5.3.4 Midcingulum bundle extraction and statistical analysis 

Using the algorithms as implemented in SPM2 (Wellcome Institute, University College, 

London, UK), parameters for the coregistration of MD and FA maps to the anatomical 

images were estimated from the B0-images and subsequently applied.16 This operation 

was repeated for those ADC (apparent diffusion coefficient) maps displaying 

diffusional processes in an anterior-to-posterior direction (ADCa-p). Importantly, voxels 

covering regions where maximal diffusion anisotropy is expected in a direction 

perpendicular to ADCa-p will show extreme low intensity values. This is exactly the case 

with voxels containing callosal fibers. Using these coregistration procedures, all images 

were finally represented in native space with a resulting voxel size of 1 × 1 × 1 mm. 

Although some images were interpolated to a higher degree of resolution, given the 

nature of this calculation no spurious information is added to the parameter maps. White 

matter maps were computed from anatomical T1-weighted images using the 

segmentation algorithm as implemented in SPM2.  

To prevent confounding of cingulate and callosal fibers and to restrict the 

analysis to white matter, FA and MD images were overlaid with thresholded white 

matter as well as ADCa-p maps. Voxels surviving this procedure a) have a high 

probability of displaying white matter only, and b) do not include fiber tracts with a 

course from left to right (as those of the corpus callosum).  

Finally, a region of interest (ROI) approximating the MCB was defined on an 

average of the normalized T1-weighted images, with a rostral border above the most 

anterior extension of the genu and a posterior delineation at about 10 mm caudally to a 

line perpendicular to the AC-PC plane and passing through the anterior commissure. 

Dorsal and ventral delineations were defined by the upmost position of the 

paracingulate sulcus found in these subjects and the undermost callosal sulcus, 

respectively. These areas were marked on eight consecutive sagittal slices in each 

hemisphere leaving only the midsagittal slice out and leading to symmetric ROIs for the 

left and right fasciculi of the midcingulate region. Inverted deformation fields were 

computed from the spatial normalization parameters and subsequently applied to these 
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ROIs.17 Finally, these modulated ROI-images were dichotomized resulting in binary 

representations of ROIs in the same native space as the anatomical images. At last, the 

ROIs were applied to the parameter maps processed as described in the previous 

paragraph thereby excising those voxels belonging to the bundle underlying the MCC. 

Estimates for MCB volumes of the left and right ROIs were computed by 

counting the number of voxels surviving the thresholding steps as described above. An 

example for a by this means extracted MCB is given in Figure 15. Arithmetic means of 

MD and FA were calculated from the processed parameter maps. The approach taken 

here is comparable to the frequently applied method of segmentation by manual 

drawing of ROIs on color-coded eigenvector maps (e.g. Wang et al., 2006; Kubicki et 

al., 2002) with both methods taking advantage of the direction-specific tensor 

information. Nevertheless, the here presented approach for automatic segmentation is 

not prone to examiner induced variability. 

 

 
Fig. 15. Extracted midcingulum bundles. Depicted are the automatically 

generated regions (green) of the left and right midcingulum bundles of a 

subject as resulting from the extraction procedure. For illustration purposes 

these extractions are overlaid on the corresponding segmented white matter 

images. 

 

To derive estimates of brain volume for additional inclusion in the statistical analyses as 

covariate, T1-weighted anatomical images were first normalized and segmented. Then, 

white and gray matter images were masked to retain the hemispheres while excluding 

the cerebellum and brainstem. Using the parameters from spatial normalization inverted 

deformation fields were computed and applied to the masked and normalized images.17 

This procedure resulted in representations of the segmented hemispheres in native 



Hemispheric and gender related differences in the midcingulum bundle 
 
 

 80 

space. Bilateral hemispheric volume was calculated by summation of gray and white 

matter voxels. 

The statistical analyses were done by univariate and multivariate analysis of 

variance (ANOVA, MANOVA) for the volumetric and microstructural parameters, 

respectively. In addition to the MANOVA, univariate tests were also computed for MD 

and FA. To quantify the size of an effect the proportion of systematic or explained 

variance (ω²) was calculated. This coefficient spans the range between zero and one.13 

 

5.4 Results 

 

5.4.1 Midcingulum bundle volume 

An ANOVA was computed to examine the impact of hemisphere (left/right), 

handedness (left-/righthanders) and gender (female/male) on MCB volumes. A 

statistically significant effect of hemisphere emerged (F(1,75) = 5.57, p < 0.03). The left 

MCB showed a larger volume as compared to the right. Furthermore, the MCB in male 

subjects was significantly more extended than in female participants (F(1,75) = 9.94, p < 

0.01). Figure 16 shows means and standard deviations for the MCB volumes. After 

entering brain volumes as covariate to the statistical analysis neither main effects nor 

interactions did reach statistical significance. Effect sizes are reported in Table 7; means 

and standard deviations are given in Tables 8 and 9. 

 

 
Fig. 16. MCB volume: effects of gender and hemisphere. Means 

and standard deviations of left and right midcingulum bundle 

(MCB) volumes for males and females. Units are number of voxels 

(1 × 1 × 1 mm).  
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  effect sizes 

comparison  Vol MD FA  cVol cMD cFA 

hem  0.03 0.00 0.55  0.00 0.00 0.00 

hand  0.00 0.00 0.00  0.00 0.00 0.00 

sex  0.10 0.00 0.22  0.00 0.05 0.14 
         

hem × hand  0.02 0.00 0.00  0.01 0.00 0.00 

hem × sex  0.00 0.01 0.00  0.00 0.01 0.00 

hand × sex  0.00 0.00 0.00  0.00 0.01 0.01 
         

hem × hand × sex  0.02 0.00 0.00  0.01 0.00 0.00 

Table 7. Effect size estimates for midcingulum bundle microstructure. Listed are effect sizes (ω²) for 

each single effect as computed from univariate tests. Vol = volume; MD = mean diffusion; FA = 

fractional anisotropy; c = corrected for brain volume. 

 

    Vol MD FA 

lefthanders male left  1111.90 (52.68) .800 (.010) .657 (.009) 

  right  991.77 (51.32) .799 (.010) .616 (.008) 

 female left  938.21 (51.52) .792 (.010) .626 (.009) 

  right  854.52 (50.19) .801 (.010) .584 (.008) 
          

righthanders male left  1081.29 (59.93) .793 (.012) .664 (.010) 

  right  1133.82 (58.38) .790 (.011) .629 (.009) 

 female left  987.17 (59.93) .809 (.012) .617 (.010) 

  right  909.88 (58.38) .814 (.011) .570 (.009) 

Table 8. Means and standard errors of MCB characteristics. Shown are the mean values and 

their standard errors (in parentheses) for assessed macro- and microstructural features. Vol 

= volume; MD = mean diffusion; FA = fractional anisotropy. 

 

    cVol cMD cFA 

lefthanders male left  1035.83 (51.75) .791 (.011) .658 (.010) 

  right  905.68 (48.50) .789 (.010) .617 (.009) 

 female left  1030.19 (52.41) .803 (.011) .625 (.010) 

  right  958.59 (49.11) .813 (.010) .583 (.009) 
          

righthanders male left  977.10 (60.66) .780 (.013) .665 (.011) 

  right  1015.93 (56.32) .777 (.012) .630 (.011) 

 female left  1065.38 (58.15) .818 (.012) .617 (.011) 

  right  998.37 (54.48) .823 (.012) .570 (.010) 

Table 9. Corrected means and standard errors of MCB characteristics. Shown are mean 

values and their standard errors (in parentheses) for assessed macro- and microstructural 

features after correction for total brain volume. Vol = volume; MD = mean diffusion; FA = 

fractional anisotropy; c = statistics corrected for brain volume. 
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5.4.2 Microstructural characteristics of the midcingulum bundle 

A MANOVA with MD and FA as dependent variables was computed to assess the 

microstructural attributes of the MCB. Again, we tested for the impact of hemisphere 

(left/right), handedness (left-/righthanders), and gender (female/male). Overall, the 

analysis revealed statistically relevant effects of hemisphere (F(2,74) = 101.83, p < 0.001) 

and gender (F(2,74) = 13.21, p < 0.001). Additional univariate statistics indicated the FA 

to be more discriminative than the MD parameter. Specifically, FA was substantially 

higher in the left hemisphere (F(1,75) = 197.49, p < 0.001) and in male subjects (F(1,75) = 

22.89, p < 0.001). Means and standard deviations of FA are depicted in Figure 17. 

Running a multivariate analysis of covariance (MANCOVA) and controlling for 

differences in brain volumes a main effect of gender reached statistical significance 

(F(2,73) = 7.08, p < 0.01). Specifically, male subjects showed lower values of MD but a 

higher degree of FA as compared to females as indicated by the univariate tests (F(1,74) = 

5.13, p < 0.03; F(1,74) = 14.27, p < 0.001; test statistics for MD and FA respectively). 

Effect size measures, means and standard deviations for the statistical tests with and 

without brain volumes as covariate can again be found in Tables 7, 8 and 9. 

 

 
Fig. 17. MCB anisotropy: effects of gender and hemisphere. Means 

and standard deviations of fractional anisotropy for both gender 

and hemisphere. 

 

5.5 Discussion 

 

In this study, macro- and microstructural characteristics of the MCB were assessed by 

means of DTI. Hemispheric differences as well as effects of gender and handedness 

were evaluated. Using integrative multi-modal imaging the analysis was protected 
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against an unwanted impact of callosal fibers. The obtained results provided evidence of 

substantial variation between hemispheres and gender in terms of both the volume and 

architecture of the MCB. 

 As in prior studies, the statistical analysis of the microstructural MCB 

architecture points to differences between hemispheres. The finding of a higher 

anisotropy in the left as compared to the right MCB agrees with previous observations. 

This asymmetry in anisotropy of the left and right MCB has meanwhile been observed 

using different methodological approaches such as fiber tracking (Kubicki et al., 2003), 

scale-invariant parametrization (Gong et al., 2005a/2005b), assessment via manually 

drawn regions of interest (Wang et al., 2004), as well as the integration of multi-modal 

images. The concordance across studies suggests this finding to be valid. Whether the 

effect is caused by a higher degree of directional similarity, denser axonal packing or 

stronger myelination needs further investigation.15 Interestingly, the left MCB also 

seems to be more extended than the homologue right fiber tract. This result replicates 

the work of Allen et al. (2003) who found this asymmetry by manually tracing the 

regional white matter. Recapitulating, together with the cortical and gross 

morphological asymmetries observed in this region (gray matter volume, fissurization 

etc.; Yücel et al., 2001/2002; Paus et al., 1996a/1996b; Vogt et al., 1995; Huster et al., 

2007), the pattern of hemispheric differences in local neuroanatomy suggests a 

lateralization of anterior cingulate functioning. 

 Regarding gender-associated diversity, differences were again found in both the 

extension and microstructure of the MCB. Males showed a higher anisotropy as 

determined via DTI with respect to midcingulum fibers. To the authors’ knowledge the 

study of Gong and colleagues (2005a) was the only previous survey that assessed 

gender differences in anisotropy of the cingulate bundles. While finding a trend similar 

in direction to the one observed in our analysis, their results did not reach statistical 

significance. However, the effect size of this difference between sexes cannot be 

classified as large and Gong et al. worked with a rather small-sized sample. This might 

have resulted in low statistical power and failure to achieve significance. Future studies 

will have to replicate and extend this outcome. A gender difference with higher regional 

white matter volume in males was also found by Allen and colleagues (2003). Several 

studies on schizophrenic patients and controls draw analogous conclusions. Again, 
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although the pattern of morphologic differences suggests functional relevance, the exact 

functional consequences of these variations between women and men require further 

clarification.  

Controlling for the diversity of individual brain volumes in the statistical 

analyses differences between the left and the right MCBs disappeared. This holds true 

with respect to both volume as well as microstructural characteristics. Such results are 

in agreement with theories on the development of hemispheric specialization. Ringo et 

al. (1994) argue that larger brain size is inevitable associated with an increase in 

interregional transfer time which finally leads to impaired interhemispheric neuronal 

computation. Favoring proximal over distal connectivity is a way to circumvent such 

problems, thereby causing intraregional functional specialization and hemispheric 

asymmetry. This line of reasoning is also in accordance with studies on callosal 

characteristics showing a positive association between corpus callosum size and brain 

volume (Bermudez 2001) as well as forebrain size (Jäncke 1997). Furthermore, in our 

analyses gender differences on the microstructural level persist with strongly diminshed 

effect sizes only, when controlling for the influence of global brain volume. Volumetric 

differences between male and female subjects seem to be associated to the covariate in 

even larger parts, as they do not achieve statistical relevance after the covariate is added. 

This could again be indicative of adaptive effects concerning the overall organization of 

the MCB to cope with the already cited obstacles associated with larger male brains.  

 In one of their studies, Gong et al. (2005a) reported an effect of handedness with 

higher anisotropy in righthanders (ω² = 0.06). Using a voxel-based morphometric 

approach to FA values, Büchel and colleagues did not find such a difference in the 

MCB, nor did the present investigation. What could explain such contradictory 

outcomes? Varying definitions of handedness could have influenced the observed 

statistics. Gong et al. compared a group of extreme righthanders to a subsample of 

lefthanders who were to span a wide range on the handedness continuum. In our study, 

the degree of manual lateralization was more variable in both handedness subgroups. 

This increase in representativeness of the subsamples could at the same time explain the 

lower effect sizes obtained here. In addition, given the estimated size of the effect in the 

study of Gong and colleagues, larger sample sizes are recommended in order to have a 

fair chance to reliably detect such moderate or medium-sized differences. Besides, the 
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factor sex was not analyzed very thoroughly in the study of Gong et al. due to the small 

sample size. The somewhat unequal distribution of gender within Gong’s handedness 

subgroups (i.e. higher percentage of males among righthanders) might have additionally 

biased the results. Previous studies also failed to obtain handedness effects regarding 

volumetric differences of the MCB (e.g., see the classical study of Good et al., 2001). 

Taken together, effects of handedness on white matter characteristics of the MCB do not 

seem to be very pronounced, although further studies would be welcome. Given that the 

MCC contains three cingulate motor areas with distinct arm representations and that 

handedness seems to moderate gender effects concerning the degree of regional 

fissurization (Huster et al., 2007; Picard & Strick, 2001), this becomes an interesting 

issue. The underlying notion is, whether a primary motoric phenomenon is reflected in 

modules subserving the integration of higher cognitive functions and motoric 

information regarding both regional gray and white matter characteristics (e.g. Beaton, 

2003).  

 Another finding, although not relevant from a statistical point of view, seems 

noteworthy. Comparisons indicate a substantially higher volume of the MCB in the left 

as compared to the right hemisphere. This indeed holds true for most of the subgroups, 

except for the right-handed males, who show an inverted trend. Interestingly, it is this 

group exhibiting the most pronounced fissurizational asymmetry with a higher degree of 

regional midcingulate folding in the left hemisphere (Huster et al., 2007). It was also 

shown that the occurrence of a gyral doubling in this region is associated with smaller 

intrasulcal gray matter volume in the cingulate sulcus (Paus et al., 1996a). This raises 

the question whether the amount of midcingulate gray and white matter may be 

associated. A less pronounced cingulate gyrus, due to the common gyral doubling, is 

more often found in the left as compared to the right hemisphere. This phenomenon 

might go hand in hand with smaller MCB volumes in the left midcingulate region. 

However, several points advise caution. First, the ROI applied to extract the MCB was 

adjusted to also include white matter falling into the paracingulate region. Therefore, 

one would in any case have expected a more pronounced MCB in the left hemisphere. 

Second, it cannot be ruled out that this effect is, at least partially, introduced by the 

relatively low image resolution in the axial plane. In cases of strong fissurizational 

asymmetry the MCB might have more reliable been extracted from the right 
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hemisphere. However, a manual inspection of the datasets does not support this 

assumption. Third, analyses of the three-way interaction as well as for a hemispheric 

comparison in right-handed males reveal non-relevant effect sizes (.02 and .00 

respectively). Further investigations of this effect seem to be recommended, but the 

current data do not strongly support the relevance of this phenomenon.  

In this study an approach of integrative multi-modal imaging was applied to 

derive estimates of MCB volumes of both hemispheres as well as their microstructural 

characteristics. Care has to be taken not to over-interpret the data especially regarding 

the volumetric measures. It is recommended to construe these estimates as relative 

rather than true or absolute values. As long as no systematic differences between groups 

occurred during scanning (e.g. due to confounding head positioning) this approach is 

valid to infer differences between groups of interest. Large sample sizes also foster 

group comparisons as to increased statistical power and representativeness of samples. 

Although methods such as fiber tracking may promise to derive more specific estimates 

of a tracts neuroanatomy, from a general scientific point of view converging results 

obtained from differing methods are more trustable as they do not leave us blind to 

shortcomings of a single and perhaps exclusively applied strategy of analysis. 

 Summarizing, evidence was found indicating macro- and microstructural 

differences between the left and right MCB. In light of studies focusing on other 

neuroanatomical aspects, a lateralization of midcingulate functioning can be assumed. 

The obtained results also suggest that male and female subjects may vary with respect 

to functional aspects, given the marked differences in volumetric and microstructural 

characteristics of the MCB as measured with DTI methods. However, these gender-

related effects also seem to be substantially associated with differences in brain 

volumes. Overall, the pattern of observations may reflect a higher functional 

connectivity of the left MCB and in males as compared to females. 
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Chapter 6 

 

Effects of midcingulate fissurization on cognitive 

control during Stroop interference 
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6.1 Abstract 

 

The midcingulate cortex, as part of the anterior cingulate region, is thought to play a 

major role in cognitive processes like conflict monitoring or response selection. 

Regarding midcingulate fissurization, the occurrence of a second or paracingulate 

sulcus is more common in the left than in the right hemisphere and seems to indicate a 

relative expansion of cingulate area 32’. This cytoarchitectural field consistently 

exhibits activations during conditions of conflict in interference tasks. The current study 

compared subjects with a low and a high degree of left hemispheric midcingulate 

fissurization while collecting behavioral as well as electrophysiological correlates of 

Stroop interference. A high degree of fissurization was associated with decreased 

behavioral Stroop interference accompanied by a stronger and prolonged frontal 

negative potential to incongruent trials starting around 320 ms. This increased frontal 

negativity is assumed to reflect an enhanced activity of a conflict monitoring system 

located in the midcingulate cortex. In contrast and starting around 400 ms, subjects with 

low fissurization revealed an increased positivity over parieto-occipital regions 

suggesting a compensatory need for enhanced effortful cognitive control in this group. 

These results contribute to the understanding of the neuronal implementation of 

individual differences regarding attentional mechanisms. 
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6.2 Introduction 

 

As the most prominent structure of the human medial wall, the cingulate cortex has 

been subject to remarkable investigation regarding its contribution to cognitive 

processes. As it turned out, especially dorsal portions of the anterior cingulate cortex 

(ACC) seem to be related to processes such as cognitive control (Fan et al., 2003), 

conflict monitoring (Botvinick et al., 2004b), response selection (van Veen and Carter, 

2005), error processing (Mathalon et al., 2003) as well as reward based decision making 

(Bush et al., 2002). Particularly the conflict monitoring view and its computational 

implementation by Cohen and colleagues (see Bogacz et al., 2006; Cohen et al., 2004) 

offer a powerful tool to the understanding of ACC functioning. 

 Although the cingulate cortex seems to be a unitary structure at first sight, recent 

research shows a high degree of functional as well as structural variability (Yücel et al., 

2001; Vogt et al., 1995; Paus et al., 1996; Huster et al., 2007; Vogt et al., 1992; Vogt et 

al., 2003; Devinsky et al., 1995). With respect to the ACC, a functional distinction 

between an affective and a cognitive subdivision has been put forward (e.g. Bush et al., 

2000) with the latter being strongly associated with those processes described above. 

This specific area anatomically corresponds to the midcingulate cortex (MCC; see 

Figure 18a for a depiction) as described by the four-region model of Vogt and 

colleagues (2003) and is also often referred to as the dorsal anterior cingulate cortex (or 

dACC).  

 One very apparent pattern regarding regional morphological variability is the 

doubling of gyri and sulci frequently found in the MCC and the perigenual ACC. In 

these cases the superior gyrus/sulcus is usually termed the paracingulate gyrus/sulcus 

(PCG/PCS), whereas the inferior elements are referred to as cingulate gyrus/sulcus 

(CG/CS). The first quantitative evaluation regarding variations in anterior cingulate 

folding was done by Paus et al. (1996). By manually tracing the PCS in the 

midcingulate region, the degree of regional fissurization was operationalized. In a large 

sample of 247 subjects, they found hemispheric differences in PCS occurrence and 

extension as the PCS was more often present and more extended in the left as compared 

to the right hemisphere. In a study of Yücel et al. (2001) a leftward hemispheric 

asymmetry was further corroborated by computing individual asymmetry metrics. 
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Moreover, a higher degree of asymmetry was found in right-handed males as compared 

to right-handed female subjects. This gender difference in right-handed subjects has 

recently been confirmed (Huster et al., 2007), but a reversal was found in left handers, 

thereby indicating an interaction of gender and handedness. However, the leftward 

asymmetric pattern in MCC folding was dominating in all groups. Separate analyses per 

hemisphere additionally indicated that these variations in asymmetry are likely driven 

by the left rather than the right hemisphere. 

 

 
Fig. 18. Midcingulate cortex and its cytoarchitectural areas. a) This figure schematically 

depicts the surface morphology of the human medial wall. Accentuated in light grey is the 

midcingulate cortex (MCC), situated right above the corpus callosum (dark grey). b) These 

sagittal-anatomical views of a subject show a gyral doubling in the left- (occurrence of 

cingulate and paracingulate gyri) and a single cingulate gyrus only in the right-hemispheric 

midcingulate region. The coronal section depicts the prototypical distribution of 

midcingulate cytoarchitectural areas as indexed in the legend below. As can be seen, the 

occurrence of a paracingulate gyrus/sulcus denotes a relative expansion of area 32’. 
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Recent evidence suggests that interindividual differences in regional fissurization are 

associated with variations in local cytoarchitecture and neural connectivity (see Toro 

and Burnod (2005) for a thorough discussion). Specifically and concerning the MCC, 

Vogt et al. (1995) could disclose that the distribution of cytoarchitectural fields defining 

the midcingulate region differs between cases showing a single or double pattern of 

gyrification. When present, the PCG comprises mainly cytoarchitectural area 32’. In 

case of a single CG, this area is found in the depth and dorsal bank of the relevant 

superior sulcus. See Figure 18b for an exemplification of the prototypical distribution of 

cingulate cytoarchitectural fields. These results therefore point to a relative enlargement 

of area 32’ in cases with gyral doubling.  

 Turning back to the functional characteristics of the MCC, most of the data 

obtained in neuroimaging and event-related potential (ERP) studies seem to be 

explainable by viewing this region as a conflict monitoring system (see for example van 

Veen and Carter, 2002a).18 It is broadly accepted, that the MCC is specifically 

responsive to the occurrence of conflict in relevant processing pathways. This region 

then signals the need for an increase in attentional control, likely exerted by prefrontal 

cortical areas. It is not surprising, therefore, that so called interference tasks consistently 

lead to activations in the MCC. A well known example for this kind of task is given by 

the Stroop paradigm. In a meta-analytic evaluation of Stroop fMRI data (Laird et al., 

2005) two differing methodological approaches yielded similar patterns of activation 

predominantly in the inferior frontal gyrus and the MCC associated with the processing 

of interference. Notably, converging evidence indicates the focus of midcingulate 

activations to be in area 32’.  

 Taken together, a superior behavioral performance on tasks tapping executive 

control or conflict monitoring processes is to be expected with subjects having a 

pronounced PCG as opposed to subjects without gyral doubling in either hemisphere. 

This assumption is based on the association of morphological differences in MCC 

fissurization with underlying cytoarchitectural characteristics on one hand and the cited 

findings from the functional neuroimaging literature on the other hand. There already is 

some indication for the appropriateness of this assumption. Fornito and coworkers 

(2004) contrasted groups with varying degrees of PCS asymmetry in solely behavioral 

tasks engaging executive cognitive processes and control conditions. Here, subjects 
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showing a leftward asymmetric pattern of MCC folding did better in verbal as well as 

non-verbal executive tasks when compared to subjects with rightward asymmetric or 

symmetric midcingulate fissurization. 

 The aim of the present study was to gather further evidence for an association of 

regional midcingulate fissurization and behavioral performance in an interference task. 

A version of the Sroop paradigm (MacLeod, 2005) was chosen for this purpose as the 

introduced interference effect appears to be highly robust. Specifically, when subjects 

are asked to indicate the color of a word, a relative increase in reaction times to 

incongruent stimuli (word meaning and font-color do not match) as compared to 

congruent ones (both stimulus dimensions give analog information) can reliably be 

seen. To explore the temporal dynamics and interactions of cognitive processes tapped 

by the task at hand, ERPs were recorded for later topographic analysis. Prior ERP 

studies reliably found two Stroop-related effects in the stimulus-locked brain activity 

indicating differences in the processing of congruent and incongruent trials (West, 

2003; Liotti et al., 2000; van Veen and Carter, 2002b; Markela-Lerenc et al., 2004). 

First, more negative going waves can be seen at fronto-central electrodes between 300 

and 500 ms for incongruent stimuli. This relative negative deflection is hypothesized to 

be mainly generated in the MCC and is thought to reflect the detection of conflict. Later 

on in time, a higher positivity in the incongruent as compared to the congruent condition 

develops over posterior areas. In spite of some agreement that this late relative 

positivity stems from an increase in cognitive control reflecting the adaptation to task 

demands, the exact sites and sources for this effect are still a matter of debate. Based on 

these findings and in addition to the behavioral expectations, we assumed differences in 

the processing of conflict between subjects showing a high degree as opposed to those 

with a lower degree of MCC fissurization to occur predominantly between 300 and 500 

ms regarding measured ERPs.  

 

6.3 Materials and Methods 

 

6.3.1 Subjects 

A total of 16 subjects (8 female) participated in the study as outlined below. These 

subjects were recruited according to their individual MCC morphology after screening 
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of 90 individual anatomical T1-weighted MRI scans (1 × 1 × 1 mm) from the institutes 

subject pool (Institute for Biomagnetism and Biosignalanalysis, University of Münster, 

Germany). Only right handers were included and the Edinburgh Handedness Inventory 

(Oldfield, 1971) was used to psychometrically validate nominal hand preference. None 

of the subjects reported a history of psychiatric or neurological disorders. Due to 

strongly deviating signal to noise ratio in the ERP data, one female subject had to be 

excluded from further analysis. Thus, the final sample consisted of 15 subjects with a 

high (HF; male = 4, female = 3) and a low (LF; male = 4, female = 4) degree of 

fissurization of the MCC. The participants’ age ranged from 22 to 39 (mean = 26.67 

years) and HF/LF groups were matched for age and education. All subjects had 

completed high school education with a minimum of 10 years of schooling. Participants 

were tested for normal visual acuity as well as color vision. Written informed consent 

was obtained prior to study participation.  

 

6.3.2 MCC classification protocol 

In accordance with previous studies (Paus et al., 1996; Yücel et al., 2001; Huster et al., 

2007) the degree of individual MCC fissurization was quantified by measuring the 

occurrence and extension of the PCS. The approach taken here is based on a prior study 

and proofed to achieve high coefficients with respect to both inter- and intra-rater 

reliability (for a detailed description see Huster et al., 2007 or sections 4.3.3 and 4.3.4). 

 The MCC was specified for each of the 90 individuals within the subject pool on 

the relevant anatomical T1-weighted image. Whereas the rostral border was defined by 

a line at the most anterior extension of the callosal genu, the posterior delineation was 

given by a line running 10 mm caudally to the anterior commissure; both lines were 

projected perpendicular onto the AC-PC plane. The PCS was defined as a fissure 

running dorsal and parallel to the CS. It had to be visible on the midsagittal plane and 

on at least three more lateral slices. If present, the extension of the PCS was traced 

voxelwise to yield a resolution in millimeters. Interruptions or gaps in the sulcal course 

were disregarded. These continous measurements were transformed to a categorical 

variable for each hemisphere by grouping them in steps of 15 mm. According to this 

procedure, individual scores per hemisphere regarding the PCS occurrence are 

represented in five categories ranging from 0 (absent) to 4 (prominent). Subjects from 
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the LF group did not show a PCS in either hemisphere (category 0). To be included in 

the HF group the participants’ PCS had to be prominent (category 4) in the left but 

completely absent (category 0) in the right hemisphere. By arranging these groups 

subjects with an extreme form of the most common leftward asymmetric pattern of 

MCC fissurization were compared to the less common case of symmetry without a PCS 

in either hemisphere. Although planned, a rightward asymmetric group matched to the 

HF group regarding the degree of folding explicitness could not be derived from the 

subject pool. 

 

6.3.3 Stimuli and procedure 

A randomly mixed-trial version of the Stroop task was used. Subjects were instructed to 

indicate the font-color in which the color-words red, blue, green or yellow were 

presented by manually responding with the left or right index finger. The font-colors 

blue and green were assigned to one, whereas red and yellow were matched to the other 

index finger. The specific font-color to finger mapping was balanced across gender and 

fissurizational groups. With stimuli of the congruent condition, font-color and color-

word were identical (e.g. “blue” written in blue). In case of the incongruent condition 

stimuli were not only semantically at conflict but the color of font and word also 

pointed to different response fingers (e.g. “blue” printed in red). The incongruent 

condition employed in our study was based on the differentiation of semantic and 

response conflict as described by van Veen and Carter (2005). According to their 

observations, a higher difficulty, and therefore a maximal effect, can be achieved by 

combining conflict at both the semantic and the response level.  

 The experimental task began with an acquisition phase to familiarize the 

subjects with the relevant response assignments. Hence, subjects were presented with 16 

trials during which colored boxes were shown and the correct response had to be made. 

Feedback, whether the response was accurate, was given immediately after the button 

press. Then, another block of 16 training trials encompassing the genuine Stroop stimuli 

was presented, again with feedback after each separate trial. This time, feedback was 

also given when the response was too slow (reaction time > 1350 ms). The actual 

experimental phase consisted of 6 blocks with 64 trials each (50% congruent and 50% 

incongruent). The participants were instructed not to emphasize speed over accuracy or 
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vice versa. A blockwise feedback was shown on the screen. Subjects were encouraged 

to proceed as in the preceding block as long as their average reaction time was faster 

than 700 msec and the error rate was below 10%. Otherwise, subjects were instructed to 

speed up responding and/or to react more accurately, respectively. 

 At the beginning of a trial a fixation cross was shown with a randomized 

duration of 800 to 1200 ms, followed by a target presentation of 500 ms. A trial 

terminated after another 950 to 1350 ms, meanwhile displaying a fixation cross. Trials 

were separated by a variable intertrial interval of 800 to 1200 ms during which a blank 

screen was presented.  

 Stimuli were projected onto a screen in a dimly lit room via a beamer system 

while the exact physical target onset was measured by a photo diode. The Presentation 

software package (Presentation 9.90, Neurobehavioral Systems, Albany; USA) was 

used to operate the experimental procedure and to record behavioral responses. Stimuli 

were displayed against a black background in the center of the screen with a distance of 

60 cm and an average visual angle of 2.8°. 

 

6.3.4 ERP acquisition and parametrization 

Electrophysiological as well as neuromagnetic responses were recorded in a 

magnetically shielded room, using a CTF Omega system for concurrent measurements 

of EEG and MEG (VSM MedTech Ltd., Coquitlam, Canada). As the integration of 

information from both the EEG and the MEG modality for individual neural source 

analyses is still in progress, the remainder of this article will exclusively focus on ERP 

data. Electrophysiological indices of brain activity were recorded from 63 sintered 

Ag/AgCl electrodes mounted on a flexible lycra-electrocap (easycap, Falk Minow 

Services, Munich, Germany) according to the 10-10 system for electrode placement 

(Chatrian et al., 1985). The vertical and horizontal electrooculograms (EOG) were 

recorded from 4 electrodes placed on the outer canthi of both eyes and from the infra- 

and supra-orbital ridges of the right eye. EEG and EOG recordings were taken 

continuously from DC up to 200 Hz, at a sampling rate of 600 Hz. Impedances were 

kept below five kΩ and matched for homologous sites with a maximum deviation of 

500 Ω. Cz was used as online reference and a ground electrode was placed on the 

forehead. Offline, all electrodes were rereferenced against the common average 
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reference and filtered from 0.1 to 15 Hz to increase the signal-to-noise ratio. Ocular 

(blinks and eye movements), muscular as well as technical artefacts were rejected 

offline by visual inspection. The continuous EEG was then segmented into epochs from 

200 ms pre stimulus to 800 ms post stimulus and baseline corrected to the mean of the 

prestimulus interval. Averages were computed separately for both the congruent and 

incongruent conditions excluding trials with erroneous responding as well as post-error 

trials. 

 Offline processing of the EEG data was done using the Brain Electrical Source 

Analysis program (BESA, Version 5.1.7, Megis Software, Heidelberg, Germany) and 

the ElectroMagnetic EncaphaloGraphy Software (EMEGS, Version 2.1; Junghöfer et 

al., 2000).  

 

6.3.5 Statistical analyses 

A repeated-measure Analysis of Variance (ANOVA) with group (LF/HF) and condition 

(Congruent/Incongruent) was computed to assess the behavioral effects regarding mean 

reaction times on trials with correct responding, also excluding post-error trials.  

Regarding the accuracy data, Mann-Whitney U tests were calculated for both 

conditions to assess differences between HF and LF subjects. In addition, a separate 

Wilcoxon-test for each group was used to test for differential accuracy between 

conditions. 

The so called post-error slowing, an increase in reaction times to stimuli 

following an error trial which is believed to reflect an adaptation in cognitive control, 

was evaluated, too. To this end, an ANOVA was computed with group as between 

factor and comparing reaction times from correct responses not preceded by an error 

and responses following trials with erroneous performance. This analysis was restricted 

to congruent trials as to avoid confounding with group specific differences in the 

processing of conflict.  

After visual inspection of the ERPs and in accordance with prior findings from 

the literature, arithmetic means of the voltage amplitudes from the following time 

intervals were computed: 320 – 400 ms, 400 – 600 ms and 600 – 800 ms.  

ERP data for these effects were analyzed by two separate repeated-measures 

ANOVAs for each time window. The first analysis included the topographic factor 
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midline with Fz, Cz and Pz as electrode locations. This approach reflects the standard 

way of analyzing the effects of interest as the condition specific differentiations in the 

Stroop paradigm seem to be most pronounced over the hemispheric midline. 

Nevertheless, given the exploratory nature of this analysis a second ANOVA was 

conducted to more thoroughly assess topographic effects. Hemisphere (left/right), 

region (anterior/central/posterior) and eccentricity (inner/outer radius; F3-F4, C3-C4, 

P3-P4 vs. F7-F8, T7-T8, P7-P8) were used to describe ERP scalp amplitude 

distributions more specifically. Both ANOVAs included group (LF/HF) and condition 

(Congruent/Incongruent) as further factors of interest.  

Lower-order effects are reported only, if the nature of higher-order interactions 

allow for their interpretation. Greenhouse-Geisser epsilon corrections were computed 

when appropriate. The software package SPSS (SPSS Inc., Chicago, USA) was used for 

statistical evaluations. Fisher LSD tests were calculated for post-hoc assessments of 

relevant statistics but will explicitly be mentioned only when of special interest for the 

interpretation.  

In addition to statistical significance testing, effect size estimates were computed 

using the procedures described in Rosenthal (1994) and Kline (2005). Here, r² and ω² 

were computed for nonparametric and parametric statistical comparisons, respectively. 

These measures are an estimate for the explained variance and range from zero to one. 

This approach was chosen due to the exploratory nature of this study. Furthermore, the 

sample size was constrained due to the limited availability of suited subjects, which 

may lessen the power of the statistical analyses.13 Because of the high number of 

statistical tests, effect size estimates or the degree of systematic variance will be 

reported only in addition to relevant test statistics or when otherwise of importance for 

the interpretation of observations.  

 

6.4 Results 

 

6.4.1 Behavioral data 

The analysis on reaction times approved the existence of behavioral Stroop interference. 

A significant main effect of condition revealed substantially decelerated responses to 

incongruent as opposed to congruent trials (F(1,13) = 44.43, p < 0.001, ω² = 0.59). 
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However, affirming our expectations LF subjects showed a more pronounced Stroop 

interference when compared to the HF group as revealed by an interaction of group and 

condition (F(1,13) = 4.73, p < 0.05, ω² = 0.11; mean interference effects: LF = 61.54 ms, 

ω² = 0.63; HF = 44.57 ms, ω² = 0.57). Post hoc tests indicated the source for this 

interaction to stem from differences between groups in the incongruent but not the 

congruent condition. Means and standard deviations of these effects are depicted in 

Figure 19a.  

 With respect to accuracy scores, nonparametric tests suggested an overall lower 

percentage of errors in the congruent as compared to the incongruent condition (Z = -

2.67, p < 0.01, r² = 0.16). Assessing these differences between conditions separately for 

both groups, the comparison reached significance for HF subjects only (HF: Z = -2.21, p 

< 0.03, r² = 0.27; LF: Z = -1.26, p < 0.21, r² = 0.14), thereby indicating a more 

pronounced effect in these subjects. Testing for varieties between groups for each 

condition separately, no statistically significant effects were found.19 A depiction of 

mean accuracy scores can be found in Figure 19b. 

 

 
Fig. 19. Behavioral Stroop interference and accuracy scores per group and condition. a) 

Mean reaction times and standard errors (brackets) of the high (HF) and low fissured (LF) 

groups to congruent (CO) and incongruent (IC) stimuli. Note the attenuated degree of 

behavioral Stroop interference in HF as compared to LF subjects. b) Mean accuracy scores 

and standard errors (brackets) of HF and LF subjects in the CO and IC conditions. 

 

The analysis of post-error reaction times revealed a substantial slowing when compared 

to correct responses not preceded by an error (F(1,12) = 5.1, p < 0.05, ω² = 0.13; mean 

post-error slowing: 64.64 ms, SD = 77.89, ). Groups did not differ significantly in their 

degree of post-error adjustment (see Figure 20).  



Effects of midcingulate fissurization on cognitive control 
 
 

 99 

 
Fig. 20. Post-error slowing. Shown are mean reaction times and standard errors (error bars) 

of subjects exhibiting a high (HF) and a low (LF) degree of midcingulate fissurization. 

Decelerated responses on correct post-error trials (PERR) as compared to correct trials not 

preceded by an error (CORR) define the so called post-error slowing, which did not 

substantially differ between groups.  

 

6.4.2 ERP data 

Interval 320 – 400 ms: Both ANOVAs indicated significantly more negative going 

potentials to incongruent than to congruent trials. As was expected based on prior 

findings, this differentiation was most pronounced over the fronto-central region (F(2,12) 

= 4.51, p < 0.05, ω² = 0.07; interaction of factors condition and midline) and at inner 

electrodes (F(2,26) = 5.04, p < 0.03, ω² = 0.04; three-way interaction of condition, region 

and eccentricity). See Figure 21 for a depiction of Stroop interference in fronto-central 

ERPs between 320 and 600 ms. 

 

 
Fig. 21. Fronto-central interference effect between 320 and 600 msec. ERPs to congruent (CO) 

and incongruent (IC) stimuli aggregated over fronto-central electrodes (Cz, C1, C2, FCz, FC1, 

FC2). Note the more pronounced or prolonged differentiation seen in high fissured (HF) as 

compared to low fissured (LF) subjects. The topography of the difference wave for the relevant 

time windows (grey) can be seen in the upper right corner; dark colors indicate negativity 

whereas bright colors indicate positive amplitudes.  
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Interval 400 – 600 ms: The statistical analyses revealed group specific differences in the 

progression of the ERPs. Only the HF group showed an ongoing differentiation between 

congruent and incongruent trials, again with a higher relative negativity in the 

incongruent condition (condition by group interaction; F(2,26) = 7.52, p < 0.02, ω² = 

0.18) and at Fz and Cz (condition by midline interaction; F(2,26) = 4.02, p < 0.05 , ω² = 

0.06; post hoc tests regarding the differentiation of conditions reached significance for 

the HF group only). The more detailed topographic analysis again showed evidence for 

the symmetry of this group specific effect at inner electrodes (three-way interaction of 

condition, group and eccentricity; F(2,26) = 5.32, p < 0.04, ω² = 0.07) and in the fronto-

central region (condition by region by eccentricity interaction; F(2,26) = 7.52, p < 0.02, 

ω² = 0.07; statistically relevant in HF subjects only as indicated by post hoc 

comparisons). A visualization can again be found in Figure 21.  

 Beyond this, a main effect of group in the analysis of the hemispheric midline 

indicated a global offset between HF and LF subjects with more positive going waves in 

the LF group (F(1,13) = 5.59, p < 0.04, ω² = 0.23). Inspecting the topography of the 

difference wave from HF and LF subjects, the synopsis strongly suggests a parieto-

occipital origin of this effect (see Figure 22). 

 

 
Fig. 22. Topography of the positive offset with LF as compared to HF subjects. The figure 

depicts the topography of difference waves for the time windows from 400 to 600 and 600 to 

800 ms indicating a higher positivity in low (LF) as compared to high fissured (HF) subjects.  

 

Interval 600 – 800 ms: For this late time window, a condition by midline interaction 

approached significance due to a differentiation of ERPs between the incongruent and 

the congruent condition (F(2,26) = 17.45, p < 0.001, ω² = 0.27). Here, brain waves evoked 

by incongruent trials reached more positve amplitudes with a maximum of this effect 
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seen at Pz and an inversion at Fz. The topographic factors suggest the effect to be 

slightly more pronounced at lateral electrodes over the left hemisphere (three-way 

interaction of condition, eccentricity and hemisphere; F(1,13) = 11.68, p < 0.01, ω² = 

0.08) and in the parietal region (F(2,26) = 6.15, p < 0.01, ω² = 0.05; three-way interaction 

of condition, region and hemisphere). A depiction of this effect is given in Figure 23.  

 Again, a global offset between groups was indicated by a main effect in both 

analyses with more positive going waves for LF subjects (midline: F(1,13) = 5.66, p < 

0.04, ω² = 0.23; topographic: F(1,13) = 6.3, p < 0.03, ω² = 0.26). The scalp topography of 

the difference wave can again be seen in Figure 22. 

 

 
Fig. 23. Interference effect over posterior brain regions. ERPs to congruent (CO) and 

incongruent (IC) stimuli aggregated over left- and right-hemispheric electrodes (P3, P5, P7, 

PO3, PO7 vs. P4, P6, P8, PO4, PO8). The topography of the difference wave for the relevant 

time window (grey) can be seen in the upper right corner; dark colors indicate negativity 

whereas bright colors indicate positive amplitudes.  

 

6.5 Discussion 

 

The obtained results foster the notion that differences in the degree of midcingulate 

fissurization are of importance regarding neurocognitive functioning as captured in 

tasks tapping executive processes. Subjects with a pronounced regional doubling of the 

left cingulate gyrus reveal a more effective processing of interference-laden stimuli as 

compared to subjects exhibiting a low degree of MCC fissurization. 

Electrophysiological data suggest these group differences in Stroop interference to 

reflect different predispositions regarding the reliance on fast and relatively automatic 

versus more effortful and controled attentional processes. 
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 Specifically, the behavioral data indicate a marked difference between both 

fissurization groups in the degree that incompatible information interferes with 

appropriate responding according to task demands. Participants with a pronounced 

PCS/PCG coped better with incongruent trials as manifested in faster responding, 

although they did not show a similar trend towards a relevant gain in the congruent 

condition. These results underscore the specificity of this effect regarding the processing 

of conflict within this paradigm. The improved conflict processing in the high fissured 

group is in accordance with the study of Fornito et al. (2004) who also found a leftward 

asymmetric folding of the MCC to be associated with better performance across both 

verbal and non-verbal executive tasks, whereas no effect was found in paradigms 

depending to a lower degree on executive functions. In the study at hand, accuracy data 

as well pointed to slight differences between HF and LF subjects with a higher accuracy 

differentiation between congruency conditions in the HF group.19 In contrast, behavioral 

adaptation to conflict or errors, as measured via the degree of post-error slowing seemed 

to be rather similar in both MCC fissurization groups.  

 With respect to ERPs associated with the processing of conflict, both groups 

demonstrated a dissociation of conditions with a higher relative negativity to 

incongruent trials between 320 and 400 ms at fronto-central electrodes. Noteworthy, HF 

subjects exhibited a prolongation of this effect that lasted until 600 ms after stimulus 

presentation. Thus, ERPs revealed the expected difference between HF and LF subjects 

in a time window from 400 to 600 ms. Topographic analyses did not indicate varieties 

regarding the scalp distributions of this relative negative potential, underscoring the 

assumption that neural generators did not vary substantially between time windows and 

groups. The fronto-central relative negativation to incongruent trials, often also referred 

to as N400 or N450, has now reliably been found in several studies from different 

groups (e.g. West, 2003; Liotti et al., 2000; Markela-Lerenc et al., 2004). The cited 

surveys, applying source reconstruction techniques using equivalent current dipoles, 

confirmed the MCC as one major neuronal generator underlying this effect. In 

accordance with this notion and given our experimental manipulation, it is reasonable to 

assume that the observed pattern of ERPs stems from varying degrees of midcingulate 

activation. According to the conflict monitoring hypothesis (Botvinick et al., 2004a; 

2004b) the MCC responds to the occurrence of conflict during information processing, 
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thereby signaling the need for adjustments in cognitive control in order to prevent an 

overall drop in task performance. We therefore conclude, that the more pronounced 

dissociation of ERPs to congruent and incongruent trials found between 320 and 600 

msec in HF subjects indicates a higher efficiency in conflict monitoring.  

 Later in time, both groups exhibited more positive going waves for incongruent 

as compared to congruent trials. This finding, most pronounced over left posterior 

electrodes, again fits well with effects observed in prior ERP studies on the Stroop 

paradigm. Nevertheless, the exact neural generators as well as the cognitive processes 

reflected in this differentiation have not unequivocally been clarified yet. West and 

Alain (2000) suggested this difference in positive slow waves to be due to an amplified 

processing of perceptual level color information triggered by stimuli belonging to the 

incongruent condition. On the other hand, Liotti and colleagues (2000) interpreted this 

effect as stemming from a varying degree of semantic processing, likely reflecting a 

suppression of conceptual information on incongruent trials. At least there seems to be 

an agreement that this late differentiation mainly reflects an increase in cognitive 

control triggered by conflict-laden stimuli. This interpretational ambiguity might be 

augmented by the obstacles associated with the interpretation of EEG scalp 

topographies. Inspecting the topography of the difference wave for this effect, 

contributions from parietal as well as generators in the occipital cortex are to be 

assumed. However, an involvement of frontal regions can not be ruled out. Indeed, 

when contrasting incongruent and congruent conditions in interference tasks, functional 

imaging studies regularly show activations in brain regions likely acting as sources (e.g. 

dorsolateral prefrontal cortex, DLPFC) and as sites (visual processing stream including 

extrastriate-occipital regions) of attentional control (e.g. Liu et al., 2004). In a Stroop 

study using face stimuli while recording hemodynamic responses Egner and Hirsch 

(2005) could show that mechanisms of cognitive control are associated with an 

amplified processing of task relevant stimulus dimensions rather than the suppression of 

irrelevant features. This amplified cortical activation to stimulus features, observed in 

regions of the visual cortex, was accompanied by an augmented functional interaction 

with the DLPFC. In accordance with these studies it can be concluded, that the observed 

differentiation with more positive going waves to incongruent trials presumably reflects 

the activation of a broad network exerting cognitive control. The amplified processing 
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of task relevant stimulus dimensions seems to be the functional equivalent to this 

phenomenon. Given the delayed onset of this effect when compared to stimulus 

presentation and mean reaction times, it seems adequate to assume that this late 

positivity to incongruent trials mainly reflects an adaptive process across trials, leading 

to enhanced target processing on the following trial (Gratton et al., 1992).  

 Statistical comparisons also indicated the occurrence of a distinct positive ERP 

offset in LF as compared to HF subjects starting at about 400 ms after stimulus 

presentation. Again, the topography of this effect denotes the involvement of a rather 

broad network, with emphasize over the occipital region becoming even more evident 

for the late time range. The similarities in appearance to the phenomenon described in 

the previous paragraph are obvious. In accordance with the preceding interpretation, this 

result likely reflects an increased need for a sustained and intensified evaluation of 

stimulus characteristics. The observed pattern of results suggest, that LF subjects can 

rely to a lesser extent on the conflict monitoring process, which is believed to take place 

in a relative automatic way. Therefore, in these subjects the signalling of interference at 

hand, associated with the occurrence of incongruent stimuli, seems to operate less 

effective as compared to the HF group. To prevent either an intense increase of reaction 

times and/or significant loss of accuracy, the processing of stimuli principally has to be 

biased towards the task relevant stimulus dimension, here font-color. This assumed 

augmented effort of attentional control in LF subjects is than reflected as a more 

pronounced positive wave originating at about 400 ms over posterior brain regions. The 

onset of this effect likely reflects the enhanced processing of the task feature of the 

given target.  

 With respect to the adaptation of cognitive control after situations of conflict, no 

electrophysiological or behavioral evidence for strong varieties between groups was 

found: late positive slow waves elicited from both conditions did not interact with the 

factor group and both groups showed a similar degree of post-error slowing. These 

findings foster the assumption that both groups use quite differing global strategies to 

resolve this kind of interference task, although their adaptations in cognitive control to 

the occurrence of incongruent stimuli on a trial by trial basis seem to be rather alike.  

 What now is the exact neurocognitive structure of processes underlying the 

resolution of a task introducing interference in information processing and in what 
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specific aspect of such a model do HF and LF subjects differ? Trying to answer this 

question, we will come back to the model brought forward by Cohen and colleagues 

developed within the parallel distributed processing framework (Cohen et al., 2004). 

Given an incongruent stimulus and a rather low degree of cognitive control the 

occurrence of conflict becomes likely due to the differing default strengths of 

connections in the color naming (weak connections due to rare usage) and the word 

reading pathways (strong connections due to high frequent usage). The inability to 

produce a clear-cut response due to similar degrees of activation of relevant response 

units is detected by a conflict monitoring system, neuronally implemented in the MCC. 

The appearance of conflict signals the need for increased attentional control in order to 

resolve this problem. In a more general sense, attention in this context can be thought of 

as any modulatory influence exerted on information processing units and pathways to 

heighten the signal to noise ratio of the correct response representation. So far, many 

models assumed a direct influence of anterior cingulate regions on a prefrontal attention 

network. The prefrontal cortex then triggers adaptive strategies such as increased 

selective attention eventually leading to amplified perceptual processing. Such adaptive 

strategies exerted by the prefrontal region likely do not only play a role in conflict 

resolution during the trial they were triggered with, but also lead to behavioural and 

attentional adjustments across trials (as for example seen in post-error slowing). 

Conflict adaptation phenomena seen across trials have been in the focus of recent 

research (e.g. Nieuwenhuis et al., 2006; Ullsperger et al., 2005). The existence of 

several distinct attentional systems has widely been accepted. For example, Posner and 

Petersen (1990) proposed a division of three major attentional networks specialized for 

executive control, orienting and arousal, respectively. Following this idea Cohen and 

colleagues assume a form of attentional modulation that can be distinguished from a set 

of more “controlled” mechanisms. Specifically, phasic norepinephrinergic release from 

the locus coeruleus is believed to act as an attentional filter. Comparable to a further 

suppression of already inhibited units (here word meaning) and amplification of already 

activated units (here font-color), these timely specific norepinephrine bursts lead to an 

increase of the attentionally triggered contrast, enhancing the signal to noise ratio in the 

processing loops and eventually resolve the conflict. That means: as long as there is 

some degree of prefrontal control producing a, albeit small, positive offset of the color 
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naming response, the phasic and fast release of norepinephrine will even more shift the 

overall pattern of activation towards correct responding. Importantly, as reviewed in 

Aston-Jones and Cohen (2005), phasic locus coeruleus activity following stimulus 

presentation appears to be time-locked to a behavioral reaction within the same trial and 

precedes response generation with a latency of about 200 ms. With a mean reaction time 

to incongruent stimuli around 600 ms, locus coeruleus driven attentional filtering 

provoked by the MCC monitoring process fits to our findings of HF/LF group 

differences as found in the frontal negativity around 400 ms. Of note, among the most 

prominent descending cortical projections to the locus coeruleus are those originating in 

regions of the anterior cingulate (Aston-Jones and Cohen, 2005). It is therefore 

hypothesized that the MCC may directly drive phasic responses of the locus coeruleus, 

leading to an increase in performance on conflict-laden trials. Therefore, in this context 

one might speak of two major attentional modes: the first operates as a fast attentional 

filtering processes, acting within the same trial and being associated with the interplay 

of the MCC and the locus coeruleus. The second somewhat slower or more effortful 

mechanism, exerted via the prefrontal cortex and affecting the processing of stimulus 

features, seems to play a role in both, the resolution of conflicts within trials as well as 

strategic adaptations across trials.20 For detailed descriptions of this and related theories 

see Aston-Jones and Cohen (2005), Cohen et al. (2004) or Botvinick et al. (2004a).  

 We therefore suggest that the observed pattern of behavioral and 

electrophysiological data reflect differences in the weighting of these two attentional 

processes between HF and LF subjects. Due to their superior ability in conflict 

monitoring as reflected in more pronounced midcingulate responding to incongruent 

trials, subjects with a high degree of MCC fissurization seem to resolve conflicts in 

information processing more efficiently for a trial at hand. Recent research suggests that 

phasic release of norepinephrine from the locus coeruleus, eventually directly triggered 

by MCC signals, may be the mediating factor. LF subjects on the other hand, due to 

their relatively poor conflict monitoring abilities, need to rely on more effortful 

processes of cognitive or attentional control. This interpretation is based on a global 

offset of positive slow waves (>400 ms) over posterior brain regions in these subjects. 

In accordance with functional imaging studies, this effect is presumably caused by the 
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activity of brain regions associated with the augmented processing of stimulus features, 

such as color (Egner et al., 2005). 

 

Summarizing, our results provide evidence for an association of MCC fissurization on 

one and the neurocognitive organization with respect to processes of executive control 

on the other side. Subjects displaying a well developed PCS/PCG did show a decreased 

Stroop interference effect when compared to a group exhibiting a low degree of regional 

folding. Electrophysiological recordings suggest that subjects with a high left 

hemispheric MCC fissurization can better rely on fast or automatic attentional processes 

while subjects without a paracingulate gyrus need to compensate for their weaker 

attentional filter contrast by more controlled and effortful attentional mechanisms. This 

study does not only carry implications for the understanding of interindividual 

differences in cognitive abilities such as conflict monitoring and cognitive control, but 

also sheds some light on the cerebral implementations of these processes. 
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This closing chapter summarizes the major observations from the empirical sections. 

Implications of the obtained results as well as limitations of the studies are going to be 

discussed. In addition, an outlook on future research questions will be given.  

 In a first step, neuroanatomical characteristics of the midcingulate region 

concerning both the gray and the white matter as well as gross morphological features 

were described. Among the first analyses done was the assessment of the regional 

surface morphology. The degree of midcingulate fissurization/gyrification was 

operationalized by measuring the occurrence and extension of the PCS. Overall, the 

PCS was found to be more often present in the left than in the right hemisphere, thereby 

denoting a leftward asymmetry bias in midcingulate folding. In accordance with prior 

studies, in righthanders this hemispheric asymmetry was more pronounced in males 

than females. In left-handed subjects the gender effect was reversed: females did show a 

stronger leftward asymmetric bias than males. When assessing the folding pattern for 

both hemispheres separately, the results indicated that these varieties between groups in 

asymmetry scores rather stem from differences in the left than the right midcingulate 

region. Noteworthy, findings concerning the fissurization of the MCC remain largely 

unchanged when controlling for brain volumes. Beyond these gross morphological 

characteristics, the regional amount of gray matter was assessed by means of an 

automated analysis method: the optimized voxel-based morphometry. This method 

yields measures for volumetric comparisons between groups or hemispheres for each 

single voxel. In all subgroups a higher number of voxels indicated a bigger GMV in the 

right as compared to the left hemisphere. This asymmetry was even more pronounced in 

females than in males due to a higher regional GMV in the right MCC. Nevertheless, at 

the same time the degree of this asymmetry was also influenced by handedness. Two 

clusters of voxels indicated a higher amount of gray matter in the left midcingulate 

region in righthanders. A significant ordinal interaction underscored the notion that this 

effect was largely driven by male right-handed subjects. Taken together, the asymmetry 

in midcingulate GMV seems to be moderated by both gender and handedness, with 

right-handed males being the least rightward asymmetric group. One might additionally 

keep in mind that the oVBM analysis, as utilized here, already corrects for differences 

in individual brain volumes. Turning to macro- and microstructural characteristics of 

the midcingulum bundle, again relevant hemispheric differences emerged with higher 
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white matter volumes and more anisotropic diffusion processes in the left MCB. 

Furthermore, males showed a higher bihemispheric MCB volume and white matter 

anisotropy. When controlling for individual brain volumes in the statistical analyses, 

only a gender difference at the microstructural level alike the one already mentioned 

remained relevant. However, handedness did not seem to have a strong impact on 

neuroanatomical characteristics of the MCB, neither by itself nor by means of 

interactions with other factors.  

 Recapitulating the results of the structural analyses concerning cortical gray 

matter and its convolution in the midcingulate region, evidence for hemispheric 

differences was found. The observed hemispheric asymmetries seem to be moderated by 

an interaction of gender and handedness with regard to both the degree of regional 

fissurization and local gray matter volume. Noteworthy, whereas the PCS overall 

occurred more often and was more pronounced in the left hemisphere, most voxels in 

the oVBM analysis indicated a higher GMV in the right hemisphere. However, the 

voxel-wise volumetric analysis disclosed a regional specific interaction effect in the left 

midcingulate region with a substantial cluster size showing bigger GMV in right-handed 

males as compared to all other groups. This is an interesting finding, as it is also this 

subgroup which shows the most pronounced left-hemispheric asymmetry when it comes 

to regional cortical folding. At first glance the pattern of asymmetries in gray matter 

fissurization and volume seem to be contradictory, as it has been proposed that the local 

amount of gray matter may drive cortical convolution (Armstrong et al., 1995; Welker 

et al., 1990). One might therefore expect a global leftward asymmetry in the volumetric 

analysis, too. However, given the findings of Paus and colleagues (1996a), who 

reported a compensatory relationship of intrasulcal gray matter amounts in the cingulate 

and paracingulate sulci and an attenuated depth of the CS with PCS occurrence (Ono et 

al., 1990; Vogt et al., 1995), the observed volumetric results may become better to 

understand. When the left PCS is present, increased GMV may appear at voxels 

oriented away from the hemispheric midline, due to an enlargement of area 32’ and the 

somewhat more “superficial” CS. Nevertheless, other factors (e.g. cortical thickness) 

still might contribute to a bigger GMV in specific midcingulate regions in the right 

hemisphere. This opens the possibility of more subtle cortical asymmetries at the level 

of single cytoarchitectural fields, which are usually not observable with methods 
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obtaining single volumetric scores for extended cortical regions, as for example is the 

case with manual tracing methods. On the other hand, the VBM method strongly 

depends on the efficiency of procedures for spatial normalization, as with inappropriate 

spatial matching non-corresponding anatomical regions might eventually be compared. 

Unfortunately, there still is a lack of systematic research on the effects varying 

methodological parameters have on the obtained results of these automated analysis 

procedures. Another limitation of this study is that no conclusions can be drawn about 

the overall volume of the midcingulate region, as only voxel-wise statistics can be 

calculated within the oVBM framework. In consistence with a compensatory 

relationship of intrasulcal PCS and CS volumes (Paus et al., 1996a), two recent studies 

of Fornito and colleagues (Fornito et al., 2007; Fornito et al., 2006) found that the 

presence of the PCS did not significantly affect the overall volume of the midcingulate 

region. In line with these observations and when reviewing the obtained results, the key 

findings of our study seem to be the following: a) the relative enlargement of area 32’ in 

the left hemisphere as indicated by both fissurizational and volumetric analyses; b) the 

spatial extension of this cytoarchitectural field seems to be modulated by an interaction 

of gender and handedness, with right-handed males being the most leftward asymmetric 

group in this respect. These observations are made, even when individual brain volumes 

are considered as covariate in the statistical analyses.  

Effects of handedness on cortical features as those just discussed are not 

surprising given the existence of somatotopic organized cingulate motor areas in the 

MCC. However, similar results are not found in the midcingulum bundle, neither 

concerning its volume nor its microstructural characteristics. A dissociation of the 

impact of handedness on gray and white matter characteristics is also discussed in the 

context of cortical motor regions and the corticospinal tract. Although there is strong 

evidence for differences concerning the cortical organization related to hand preference 

(e.g. Hammond, 2002), results are in disagreement when it comes to the relevant white 

matter tract. Several studies did not find evidence in favour of differences in white 

matter neuroanatomy of the corticospinal tract associated with subjects’ handedness 

(e.g. Büchel et al., 2004; Hervé et al., 2006, Westerhausen et al., 2007). This led to the 

proposal that handedness might be a cortical rather than a white matter phenomenon. 

Hence, the observations made here would be in accordance with such a notion. It may 
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not be forgotten, on the other hand, that the MCB in its rostro-caudal course does also 

carry fibers neither originating nor terminating in cingulate regions. For example, 

prefrontal projections run along the cingulum bundle to several regions in the temporal 

lobe (Schmahmann et al., 2007). One can not fully rule out the possibility that such 

connections, contained in the cingulum bundle but not directly related to regional 

functioning, obscure relevant effects of handedness in white matter neuroanatomy 

associated with the cortical organization of nearby regions. Given the currently 

available techniques for the in vivo assessment of white matter characteristics in 

humans, there simply is no alternative method available to circumvent this problem. 

The resolution of MRI-based procedures is too low to differentiate fibers according to 

their exact regional mappings (Mori & van Zijl, 2002). However, hemispheric as well as 

gender differences regarding both the volume and microstructure of the MCB were 

found, perhaps indicating a higher functional connectivity in the left hemisphere and in 

males as compared to females. Important to note is that these effects were strongly 

diminished and in most parts lost statistical relevance when controlling for individual 

brain volumes. For this reason it is justified to assume that these hemispheric and 

gender-related effects largely reflect adaptations to increased brain size. Specifically, in 

order to guarantee adequate brain functioning with large brain sizes, a higher degree of 

functional arealization or asymmetry is believed to minimize the necessity of 

interregional and especially interhemispheric communication. Negative associations of 

corpus callosum and brain size underscore the appropriateness of such a notion (Jäncke 

et al., 1997; Jäncke & Steinmetz, 2004). Other factors might more directly address 

parameters affecting information transfer, for example by increasing axonal diameters 

or myelination. Without such compensatory mechanisms an increase in brain size might 

otherwise lead to impaired interregional transfer of information, eventually causing 

losses in the efficiency of complex neuronal computations (Bermudez et al., 2001; 

Jäncke & Steinmetz, 2004; Ringo, 1994). In this context it is also remarkable that the 

effects found in the analyses of gray matter characteristics (fissurization and GMV) are 

largely independent of individual differences in brain volume. What does this 

differential association of brain volume with gray and white matter features mean? It 

has been proposed (Gur et al., 2002) that there might be a slight decoupling of the 

development concerning resources devoted to neural computation (gray matter; 
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somatodendritic tissue) and information transfer (white matter; connecting axons). After 

the development of brain asymmetry has been triggered, for which the exact 

mechanisms are still largely unknown (but see Sun & Walsh, 2006), other factors than 

brain size might more strongly be associated with gray than white matter development. 

Accordingly, it has been shown that decreases in GMV can be found in childhood, 

while the volume of white matter steadily increases during the same time period (Wilke 

et al., 2007). But again, the transfer of any output of neuronal computations is strongly 

depending on the adaptation of white matter characteristics to brain size or volume 

(Ringo, 1994). It has been found that total brain volume and the amount of white matter 

are genetically determined to a higher degree than are the gray matter volume or, to an 

even lesser extent, the cortical convolution (Thompson et al., 2001; Baaré et al., 2001). 

Therefore, some genes are believed to have a general effect on the brain, while others 

might influence rather specific tissue characteristics (Thompson et al., 2002). Whether 

the development of global brain and white matter features are causally linked to each 

other has, to the author’s knowledge, not been in the focus of research yet. At this point, 

one cannot draw any definite conclusion, as the wealth of processes and their interplay 

influencing brain morphology are largely unknown (Thompson et al., 2002; Thompson 

et al., 2001). 

 Having described and discussed several neuroanatomical characteristics of the 

midcingulate region, the functional relevance of one of these features was evaluated. 

Among the major findings of the above described surveys were differences between 

groups in the degree of regional fissurization. Altogether, studies from different 

research groups, including our own, indicate a relative enlargement of area 32’ in 

subjects with a prominent PCS. Moreover, evidence was brought forward emphasizing 

the involvement of this area in the processing of conflict. Therefore, the effects of 

midcingulate fissurization on attentional processes during Stroop interference were 

assessed. As was expected, subjects showing a high degree of MCC folding did cope 

better with interferences in information processing as indicated by faster reaction times 

to incongruent stimuli when compared to participants with a low fissurizational index. 

ERPs indicate this superior behavioral performance to be driven by a more effective 

conflict monitoring process, which might then again trigger fast and automatic 

attentional filtering mechanisms associated with the norepinephrinergic system and 
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exerted via the locus coeruleus. LF subjects on the other hand seem to stronger rely on 

the more effortful augmented processing of task relevant stimulus features.  

 The data presented within this manuscript carry implications for several lines of 

research concerning attentional processes in both healthy and mentally disordered 

subjects. Firstly, further evidence of an association of regional differences in 

midcingulate fissurization and behavioral performance on tasks tapping executive 

processes has been provided. This is very well in accordance with studies from Fornito 

and colleagues (Fornito et al., 2007; 2006b; 2004), who found superior achievements in 

verbal and non-verbal executive tasks with subjects showing a strong leftward 

asymmetric bias in MCC convolution. With respect to the underlying neuroanatomy, it 

is suggested that a relative enlargement of area 32’ with PCS occurrence builds the 

basis for such observations (Vogt et al., 1995). In accordance with this assumption the 

oVBM analysis found an interaction with higher GMV in clusters of the left 

midcingulate region in right-handed males. Importantly, these clusters were oriented 

away from the hemispheric midline. In a recent study Fornito et al. (2007) made a 

similar observation with increased cortical thickness in regions likely corresponding to 

area 32’. However, so far the exact psychophysiological counterparts underlying such 

behavioral and neuroanatomical observations remained unclear. By measuring ERPs 

during Stroop task performance results indicated these behavioral differences to stem 

not only from a more effective conflict monitoring process in subjects showing a high 

degree of MCC convolution. Moreover, group differences were found indicating the 

need for more effortful cognitive control in low fissured subjects, presumably reflecting 

a compensatory mechanism due to the attenuated efficiency in conflict monitoring and 

triggered norepinephrinergic attentional filtering. However, given the current data, one 

can not fully determine to what extent a specific group deviates in an attentional process 

from the population average. For example, does the positive offset of LF as compared to 

HF subjects over posterior electrodes predominantly reflect augmented feature 

extraction when compared to the norm, or is this effect rather caused by an attenuated 

need for such control mechanisms in the HF group? Or does it reflect a combination of 

both phenomena? Similarly, from the data presented in chapter six it cannot be 

concluded whether the observed results stem from a higher degree of regional 

midcingulate fissurization per se or from a leftward asymmetric folding pattern. 
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Although originally intended, a group with a folding pattern in the right hemisphere 

matched to the HF subjects could unfortunately not be derived from the available 

subject pool. Observations from Fornito and colleagues (2004) suggest the superior 

behavioral performance to be specific to the leftward asymmetric group. In accordance 

with this notion, these researchers found an increased cortical thickness in regions 

corresponding to area 32’ with PCS occurrence in the left but not the right hemisphere 

(Fornito et al., 2007). These results indicate dissimilarities in the cytoarchitectural 

organization of the left and right midcingulate regions, which have not been under direct 

investigation yet. A relation between fissurizational and functional asymmetries has also 

been reported in an fMRI paradigm. Artiges and coworkers (2006) found left sided 

midcingulate activations in an interference task in subjects with a PCS, but right sided 

activations in subjects devoid of a PCS in both hemispheres. Unfortunately, the authors 

did not differentiate nor report the side of PCS occurrence in their subjects. As can 

clearly be seen, further research on the relationship of functional, gross neuroanatomical 

and asymmetries on the cytoarchitectural level is needed. Another open issue relates to 

the ability of LF and HF subjects to flexibly switch between the proposed attentional 

modes. In our study we controlled for speed-accuracy trade-offs by introducing a 

feedback based on accuracy and average response times reflecting a rather stringent 

criterion. Under such task conditions we found pronounced effects concerning 

behavioral interference but negligible group differences in accuracy scores. One might 

expect diminished differences between both groups when responding is forced towards 

higher accuracy. Under such conditions necessary processes might depend more 

strongly on prefrontal control than midcingulate functioning. However, when speeded 

responses are stressed, without disregarding accuracy too much, a breakdown in 

behavioral performance in LF subjects is to be expected, as conflict monitoring in 

association with LC driven attentional filtering might become increasingly relevant. 

Likewise, when inducing virtual lesions to the prefrontal cortex by means of 

transcranial magnetic stimulation during interference tasks with some delay to the 

stimulus, again LF subjects should be expected to show a higher impairment. However, 

such assumptions rest on a relative indepence of neuroanatomical parameters driving 

prefrontal and cingulate functions, respectively, a notion that has not yet been 

investigated to the author’s knowledge.  
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 Secondly, given the putative importance of the MCC for the integration of motor 

control and higher cognitive processes, along with the fact that it seems to play a 

fundamental role in processes of reward based decision making, a generalization of 

findings made with an interference task to a broader field of paradigms seems probable. 

Again one might cite the findings of Fornito et al. (Fornito et al., 2007; 2006b; 2004), 

who found the leftward asymmetric pattern of MCC folding to be associated with better 

behavioral performance in tasks tapping spatial working memory and verbal fluency. 

But one might wonder whether an association of the morphology of anterior cingulate 

subdivisions with more global characteristics, such as personality traits, can be found as 

well. Indirect evidence for such a relationship comes from surveys exhibiting a 

modulatory influence of personality traits associated with reward assessment on 

midcingulate activations. For example, Pailing and Segalowitz (2004) found subjects 

with high scores on Neuroticism to be more prone to motivation-related changes in the 

ERN, when manipulating the salience of errors, than subjects low on Neuroticism. 

Similarly, in a recent study of Stahl and Gibbons (2007) high impulsives, which are 

believed to be more susceptible to reward than to punishment, did exhibit lowered ERN 

amplitudes. Moreover, a higher degree of reward sensitivity was reported to be 

predictive of conflict-related MCC activation (Yücel et al., 2007). Whether the cingulate 

region indeed directly mediates such personality-associated effects as reflected in 

functional parameters stays rather speculative for the current moment. But given the 

notion that the MCC might be a crucial part of a neural system associated with 

reinforcement-learning, this seems to be a realistic perspective. Preliminary support 

comes from a study directly associating anterior cingulate gray matter volumes with 

personality traits (Pujol et al., 2002). The authors found a positive correlation (r = 0.49) 

between right anterior GMV and Harm Avoidance as measured via Cloninger’s 

Temperament and Character Inventory (e.g. Cloninger et al., 2006). However, in their 

assessment the whole paracingulate region was excluded (thereby excising area 32(‘) and 

focusing on areas 24(‘) and 25).12 Moreover, regional measures were collapsed over both 

the pACC and the MCC. Again, an adequate interpretation of the data is substantially 

hindered because morphologic characteristics and interindividual variations in MCC 

neuroanatomy have been disregarded. 
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 Thirdly, based on the described relevance of the MCC for cognitive functions 

and its putative association with broader personality characteristics, it is not astonishing 

to find this region acting as a key component in theories on different psychopathological 

phenomena. Among these psychopathologies are attention-deficit/hyperactivity disorder 

(ADHD), obsessive-compulsive disorder (OCD) and schizophrenia. ADHD affected 

subjects suffer from symptoms including extreme inattention, impulsivity and 

hyperactivity, which have been assumed to stem from disruptions of normal attentional 

filtering and reward/error assessment. These processes are strongly related to the MCC. 

It has been shown that subjects with ADHD exhibited no activation within this region 

during interference processing, although the utilized task very well tapped MCC 

function in control subjects (Bush et al., 2005; Bush, 2004). Neuroanatomical deviations 

have been found as well, with ADHD being associated with decreased cortical volumes 

of the MCC. Indeed, it was the midcingulate region, where the most pronounced 

volumetric reductions have been observed (Seidman et al., 2006). As one might expect 

given the early onset of this disorder, such volumetric alterations are already evident in 

early childhood (Seidman et al., 2005). Obsessive-compulsive disorder, on the other 

hand, is defined by the presence of obsessive thoughts or acts and/or compulsive 

behaviors, usually occurring in childhood with a mean age of onset at around 10 years 

(Friedlander & Desrocher, 2006). It has early been proposed that this disorder might be 

explained by means of a dysfunctional action-monitoring system (Pitman, 1987). 

Indeed, increased activations in the midcingulate region have often been reported. For 

example, Ursu et al. (2003) observed augmented conflict- and error-related activations 

in patients when compared to healthy controls. These parameters, gathered during a 

continuous-performance task, even correlated positively with symptom severity. 

Repetitive actions, due to the inappropriate need for corrective behavior, might 

therefore stem from an overcritical self-evaluation of performance. When it comes to 

neuroanatomical deviations associated with this disorder, the literature is sparse and in 

discordance. While some studies reported increased volumes in the anterior cingulate 

region in patients (Perani et al., 1995; Szeszko et al., 2004; Swedo et al., 1989), other 

surveys even showed decreased volumes (Busatto et al., 2000; Ebert et al., 1997). There 

also is evidence denoting a lower degree of connectivity of the midcingulate region in 

patients as indicated by a lower anisotropy as inferred from DTI (Szeszko et al., 2005). 
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Because the inconsistent anatomical findings prohibit a conclusive statement, it has 

been suggested that age might be a moderating variable: in early childhood an increased 

volume might be detectable, but the overactivity of the MCC throughout time might 

lead to increased cell deaths and neuronal degeneration (Friedlander & Desrocher, 

2006). Nevertheless, this notion still needs a systematic evaluation. Of special interest 

concerning structure-function associations and their relevance for psychopathology is 

schizophrenia. The assumed importance of the MCC for this disorder likely rests on the 

similarities of psychotic symptoms and those caused by lesions of the midcingulate 

region, encompassing deficits in attention, drive or motivation and the control of affect 

and emotion (Devinsky et al., 1995). Two major findings in this context have proven a 

high degree of reliability: a) several studies report decreases in midcingulate volumes 

(Baiano et al., 2007) as well as b) a hypo-function of the midcingulate region in 

interference tasks (Carter et al., 2001). It is of special interest in this context that a 

diminished asymmetry in MCC fissurization in schizophrenics has been observed, too. 

Yücel and colleagues (2002) found an attenuated leftward asymmetry in patients to stem 

from a reduced occurrence and extension of the PCS in the left hemisphere. This finding 

might at least partly explain observations associated with volumetric and functional 

changes, as it points to deviations of schizophrenics concerning the development of area 

32’. Interestingly, in a recent study Yücel et al. (2007) found similar levels of activation 

in medication-naive patients and healthy controls, which rather differed in their 

location. Patients exhibited task related activity on the cingulate gyrus, whereas controls 

regularly activated the paracingulate region, thereby explaining the often observed 

hypo-functions nearby the PCS in schizophrenics when mapped on template or 

individual brains of healthy individuals. Such functional observations have been 

suggested to reflect impairments in the implementation of conflict monitoring and 

cognitive control (van Veen & Carter, 2002a). Not surprisingly, decreases in both 

conflict- and error-related activations as well as the degree of trial-to-trial adjustments 

have been found (Carter et al., 2001). Therefore, a disruption of MCC functioning, 

perhaps due to an underdevelopment of area 32’, seems to contribute to the 

symptomatology of schizophrenia through impairment in performance monitoring 

abilities. There is also data suggesting that early-onset schizophrenia is associated with 

a disruption in the structural integrity of white matter tracts in the anterior cingulate 
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region (Kumra et al., 2005). Moreover, the propensity to experience auditory 

hallucinations was found to be associated with the anisotropy of the anterior cingulum 

bundle (Shergill et al., 2007). How can our data contribute to the understanding of the 

symptomatology of such disorders? Again, it is from the field of research on 

schizophrenia where we perhaps can gain some deeper understanding of structure-

function associations. It was already laid out that deviations in the development of 

midcingulate cytoarchitectural fields (especially area 32’), indicated by the less 

pronounced occurrence of the PCS and volumetric decreases, presumably contribute to 

the impaired performance in tasks probing executive functions. As the PCS develops 

early during gestation, this sulcus might serve as an early and easy detectable marker for 

the vulnerability to psychopathology. Indeed, Yücel and colleagues (2003) found a 

reduced occurrence of the left PCS with subjects at high-risk for developing psychosis. 

However, subsequently within this group there was no difference in fissurization 

between those that did and did not suffer from a psychotic illness. Our data might 

contribute to the understanding of such zero findings: although there is a difference in 

the performance of healthy subjects with and without pronounced PCS, all participants 

did exhibit behavioral effects within the normal range. However, our results did indicate 

that task performance in the LF group more strongly relied on effortful control 

associated with prefrontal regions, perhaps indicating a compensatory strategy due to 

attenuated conflict monitoring ability. Within this line of reasoning, only the co-

occurrence of structural changes in both the midcingulate and prefrontal cortical regions 

might reliably be associated with psychopathological phenomena. In accordance with 

this notion, structural deviations in the midcingulate region associated with specific 

disorders usually come along with altered prefrontal neuroanatomy as well (e.g. Chua et 

al., 2007; Friedlander & Desrocher, 2006; Makris et al., 2007).  

 Summarizing, evidence was found indicating the relevance of gender and 

handedness for measures of cortical morphology, namely fissurization and regional gray 

matter volume. Although gender was associated with structural variations concerning 

the neuroanatomy of the midcingulum bundle as well, handedness did not emerge in the 

analyses of white matter characteristics as significant factor. Hemispheric differences 

were found at the level of both gray and white matter. Interestingly, the effects on 

cortical measures were observed even when controlling for individual brain volumes, 



General discussion 
 
 

 120 

whereas hemispheric and gender-related variations concerning the MCB were strongly 

diminished or dissappeared. These variations concerning macro- and microstructural 

features of the MCB might therefore in large parts reflect compensatory mechanisms to 

guarantee unimpaired information transfer. Overall, results regarding the fissurization 

and GMV point to differences between groups associated with cytoarchitectural area 

32’, which has been found to be relevant for the processing of conflicts. When 

comparing subjects with a pronounced and a low degree of midcingulate folding, 

operationalized by the appeareance of a PCS and indicating a relative expansion of area 

32’, behavioral and psychohysiological differences concerning the processing of 

interference became evident. A high degree of leftward midcingulate fissurization was 

associated with better behavioral performance, presumably caused by a more effective 

conflict-monitoring system, which might then again trigger fast and relatively automatic 

attentional filtering mechanisms. Subjects exhibiting a lower degree of midcingulate 

fissurization rather seem to rely on more effortful control mechansisms, namely the 

globally enhanced extraction and processing of task relevant stimulus features, achieved 

by interacting prefrontal and visual cortical regions. These results carry implications not 

only concerning neuronal representations of individual differences in attentional 

processes and personality traits, but might also be of relevance for the development of 

more elaborated models for psychopathological disturbances. 
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Endnotes 

 

1) p. 10  

Although the main body of information driving the proposal of several distinct cingulate 

regions originated from histological surveys, the exact cytoarchitectural properties will 

not be laid out here as this is beyond the scope of this manuscript. Rather the substrates 

derived from this line of research will be presented, keeping a macroscopic perspective. 

The interested reader is referred to Vogt et al. (1995) for a thorough discussion.  

 

2) p. 10 

Nowadays many different methods are subsumed under the title functional imaging. 

During the remainder of the manuscript we will confine this reference to functional 

Magnetic Resonance Imaging (fMRI) and Positron Emission Tomography (PET), 

unless otherwise indicated. Both methods provide indirect measures of neuronal 

activity. By using radioactive tracers, most often an unstable form of oxygen O15, PET 

is able to measure local variations in cerebral blood flow. With fMRI on the other hand, 

one does not have to rely on isotopes but noninvasively focuses on the magnetic 

properties of hemoglobin. When signal intensities of these indices from a condition of 

interest are compared to a statistically or experimentally derived baseline, the resulting 

pattern of metrics is often interpreted as reflecting activations (increases in signal 

strength) or deactivations (decreases in signal strength). There is ample evidence that 

activations reflect augmented regional neuronal activity. The exact neurophysiological 

underpinnings of deactivations are still a matter of debate, but given an appropriate 

baseline one might indeed interpret such changes as decreased neuronal activity 

(Raichle & Mintun 2006).  

 

3) p. 14 

A regressor is used to model the signal changes occurring during an experimental fMRI 

session and aids their statistical analysis. It basically starts with a simple and constant 

numerical representation of events (e.g. stimulus presentations), often referred to as 

stick function. This function then is convolved with a hemodynamic response function, 

which represents signal variations due to a temporary increase in neuronal activity. 
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Recent methodological advances suggest an increased fit of this statistical regressor and 

the obtained data, when supplementary information is provided. For example, single-

trial event-related potentials from the electroencephalogram (EEG) can be used to 

additionally model the strength of neuronal activity for a specific stimulus (e.g. Debener 

et al., 2005).  

 

4) p. 17 

The nomenclature used in context of the cingulate cortex is manifold and quite 

confusing. Besides dACC, the midcingulate region is sometimes also referred to as 

posterior medial frontal cortex or dorsomedial frontal cortex. Then, subregions largely 

corresponding to the cingulate motor areas are termed rostral and caudal cingulate 

zones. When speaking about the anterior cingulate cortex (ACC) most researchers refer 

to a region containing both the MCC and the pACC, without necessarily making such a 

distinction. Even the naming within the framework of Vogt and colleagues has 

undergone some change again. In the most recent publications the pACC has simply 

been renamed to ACC. Other researchers also name this region ventral anterior 

cingulate cortex (vACC, as opposed to the dACC). Therefore, caution is needed when 

reading articles from different researchers. Although they might use the same term, their 

exact spatial definitions may substantially differ.  

 

5) p. 17 

In order to allow for comparisons or descriptions of brain structures independent of 

interindividual differences in brain anatomy, specific coordinate systems are used. 

Among the most influential is the one proposed by Talairach and Tourneau (1988). A 

horizontal plane is defined by connecting the posterior and the anterior commissure. 

Then, the anterior commissure is set up as the origin of the three-dimensional 

coordinate system. This exactly was done with the brain of a single subject. Later, 

positions of neuroanatomical regions and cytoarchitectural areas have been calculated as 

based on this coordinate system. By mathematically matching an individual brain to this 

“standard brain”, comparisons across subjects are made possible. However, other 

techniques rather refer to an average than to a single brain but commonly do not include 

the possibility of assigning specific cytoarchitectural areas to a position. For a more 
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thorough introduction search for example the imaging wiki of the medical research 

council (http://imaging.mrc-cbu.cam.ac.uk/imaging/CbuImaging).  

 

6) p. 18 

Definitions of cytoarchitectural fields are even more specific than introduced here. For 

example: within are 24’ more distinct fields have been defined and areas 24 a’, 24b’ and 

24c’ are differentiated (e.g. Vogt et al., 1995). However, current neuroimaging 

technology does not allow for such detailed analyses in humans. For that reason, we 

will not have a closer look at this topic.  

 

7) p. 21 

The interested reader will find a discussion of similarities and differences of monkey 

and human cingulate cortices in: Picard & Strick (1996).  

 

8) p. 25, p. 35 

Overall, within the framework of Cohen and colleagues four major theories can be 

differentiated, which are bridged from a “systems level perspective” taken by Jonathan 

Cohen (Cohen et al., 2004). The conflict monitoring theory (Botvinick et al., 2004) 

focuses on the midcingulate cortex, whereas the guided activation theory of cognitive 

control describes functions of the prefrontal region (Miller & Cohen, 2001). Interactions 

of the PFC with the ventral tegmental area and their contributions to cognition are 

described in Braver & Cohen (2000). Beyond this, recent research tried to elucidate the 

role of the norepinephrinergic system in attentional processes, with emphasis on the 

locus coeruleus. This venture accumulated in the formulation of the adaptive gain 

theory (Aston-Jones & Cohen, 2005).  

 

9) p. 25 

In the recent scientific literature the terms attentional control and cognitive control are 

used interchangeable. This will be the case in this mansucript as well.  
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10) p. 29 

Connectionism, and specifically its most dominant Parallel Distributed Processing 

approach, represents an attempt to model mental or neural phenomena. As a central 

principle such models consist of a network of interconnected units. A unit could for 

example represent a neuron, a functional module, a neuroanatomical structure or a 

word. Connections on the other hand may stand for synapses. For a given point in time 

a unit exhibits a specific degree of activation, which may for example represent the 

probability to produce an action potential. Spreading activation refers to the 

phenomenon that a unit’s activation may spread to connected units. Learning in these 

models means a mathematically defined way of change in connection weights. Parallel 

distributed processing models furthermore assume that the processing of information in 

severall units or modules works in parallel and that mental phenomena or neuronal 

representations are stored in a distributed form.  

 

11) p. 38 

The attention network test provides a behavioral measure for the efficiency of each of 

the three attentional networks. Each trial of this task starts with a cueing period in which 

a central, a spatial or no cue is shown. Then, the target is presented above or below 

fixation. The spatial cue is always valid. The target stimulus consists of an arrow which 

is flanked by other arrows. The flanking stimuli can point to the same or the opposite 

direction when compared to the target, thereby introducing a congruent and an 

incongruent condition. Measures of efficiencies for the networks are generated by the 

substraction of reaction times to several conditions in the following way: alerting = no 

cue – center cue; orienting = center cue – spatial cue; executive attention = incongruent 

– congruent. 

 

12) p. 53, p. 116 

When referring to areas 24(´) or 32(´), relevant areas in perigenual (24 or 32) and 

midcingulate (24´ or 32´) cortex are meant. This nomenclature is given in accordance 

with the four compartment model of Vogt and collaborators.  
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13) p. 58, p. 60, p. 80, p. 97 

The only appropriate method to a priori guarantee the inferential value of test statistics 

is to make sure that the power of the statistical procedure is adequately high. In this 

methodological context, power refers to the sensitivity to get a significant result if there 

indeed is an effect present in the population. An adequate sample size has to be chosen 

based on an estimate of the expected effect size: the smaller an effect the higher the 

number of observations needed. However, for practical reasons sometimes an a priori 

determination of the sample size is not possible. For example, when working with 

patients or extreme groups the availability of subjects with predefined characteristics 

may be restricted. Or one can not easily estimate the population effect due to a lack of 

preceding studies. In such cases commonly effect sizes are calculated in addition to the 

regular statistical tests to aid the interpretation of observed results. The use of effect 

sizes is also considered as a general alternative to null-hypothesis significance testing, 

because the derived inferences are largely independent of sample size (e.g. Kline, 2004). 

 

14) p. 59 

Voxel-based morphometry (VBM) is a method to compare different brains concerning 

local tissue characteristics while large scale variations (e.g. brainsize) are discarded. 

What follows is a comprehensive description of basic processing steps. Relevant 

structural images have to be spatially normalized in a first step. Normalization means 

that each individual brain is registered to the same template brain. This procedure does 

not try to match every brain feature exactly, but rather corrects for global shape 

differences. Then, separate images are computed for each brain containing the a 

posteriori probability of each voxel to represent cerebrospinal fluid, gray or white 

matter. This step is called segmentation. Having segmented the images, resulting gray 

and white matter maps are spatially smoothed by convolution with an isotropic 

Gaussian kernel. Smoothing is applied to compensate for the inexact nature of the 

spatial normalization and to render the data more normally distributed. Thereby, the 

validity of applied statistical tests is increased while at the same time the correction for 

multiple comparisons can be attenuated. In the final step statistics based on the general 

linear model are computed voxel-wise, with corrections for multiple dependent 

comparisons applied according to the Random Fields Theory. Two additional 
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preprocessing steps can be applied prior to the statistical analysis. First, with the 

preprocessing steps just described, anatomical differences of no interest may distort 

results concerning the relevant modality. Enlarged ventricles in one group may 

introduce spurious effects in gray matter images due to the highly smooth or spatially 

low resolution of deformations during the normalization. To minimize this sort of bias a 

procedure of iterative normalisations and segmentations has been invented, which is 

referred to as optimized VBM. Second, another processing step can help to retain 

volumetric information otherwise lost during spatial normalisation. When an individuals 

brain is warped to the template, a region actually smaller in this brain, when compared 

to the template, will be “blown up”; the number of voxels representing this specific 

region will be increased and roughly matched to the template brain. In this case, voxels 

in a specific region give information regarding the proportion of the relevant compared 

to all other tissue types (its concentration). Volumetric information is lost. The so-called 

modulation preserves this information by multiplying the spatially normalized tissue 

images with its relative volume before and after spatial normalization. The VBM 

approach constitutes an interesting method in computational neuroscience to assess 

morphologic variation while minimizing the researcher dependent bias. More 

information on all these topics can be found in Mechelli et al. (2005). 

 

15) p. 77, p. 83 

When it comes to the interpretation of DTI derived parameters, some aspects deserve 

special consideration. MD and FA obviously do reflect the integrated information 

concerning tissue characteristics usually gathered from several cubic millimeters. When 

measuring at a voxel-size of 1.56 × 1.56 × 3 mm³, which represents a quite common 

image resolution of DTI studies, the statistical parameters may reflect the aggregated 

microstructural characterstics of about 1.638.000 axons (as calculated from an average 

number of 350.000 axons per mm² in the corpus callosum; e.g. Westerhausen, 2006). 

However, with such a resolution a substantial number of voxels will report the features 

of a mixture of tissue types. Second, there still is some disagreement in the literature to 

what degree MD and FA are influenced by specific tissue characteristics. It has been 

shown that the existence of even unmyelinated axon sheaths is sufficient to lead to 

anisotropic diffusion processes (Beaulieu, 2002). The degree of myelination as well 
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seems to have a major impact on calculated parameters. In both animal and human 

studies an increase in myelination seems to be associated with augmented anisotropy 

but decreased mean diffusion. From a more general perspective, although both MD and 

FA are theoretically independent, empirical observations usually report substantial 

negative correlations of these parameters (in this study -.48 and -.50 for the left and 

right MCB, respectively). Third, simulations confirm that intraaxonal processes might 

also exert effects on mathematically derived DTI parameters (but see Ben Bashat et al., 

2005). Importantly, if this holds true a pattern of decreased FA but increased MD might 

even lead to a functional interpretation orthogonal to the above cited, as long as 

extraaxonal factors (axonal density and degree of myelinaton) are kept constant.  

 This short discussion of course is not very detailed concerning the interpretation 

of DTI parameters, but rather tries to sensitize with respect to associated problems when 

it comes to functional implications. Taken together, a conservative researcher might 

reject an interpretation beyond that differences in MD or FA between groups reflect 

microstructural variations. The current trend in the literature rather coincides on a more 

liberal interpretation underscoring the importance of extraaxonal factors. In this light, 

higher FA and lower MD are often interpreted as indicators for an increased functional 

connectivity, likely based on increased axonal density or a stronger degree of 

myelination.  

 

16) p. 78 

As with spatial normalization, coregistration applies to the alignment of images. 

However, usually it is used only to describe procedures that align images of different 

modalities. In contrast to normalization this method can not rely on the assumption of 

similar relationships of tissue signal intensities in both images. For example, water will 

be coded “bright” (high image intensity) in T2 but “dark” (low image intensity) in T1 

weighted scans. Different approaches have been developed to solve this kind of 

problem. A quite common method adapted is based on the mutual information theory 

(e.g. Wells et al., 1996), which assumes that different tissue types will have different 

intensities within a modality and that the relative proportions of tissues are comparable 

across images of varying modalities from the same subject.  
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17) p. 60, p. 79 

A deformation field codes the directions and magnitudes of location deflections, which 

have to be applied in order to align one image to another. This for example is the case in 

spatial normalization or coregistration. Deformation fields can be used to warp other 

than the original image to the reference or, when inverted, to reverse the spatial 

alignment.  

 

18) p. 91 

It has to be added here, that we do not think of conflict monitoring as being the only 

function exerted by the MCC. Rather, at this time the conflict monitoring approach 

seems to offer the most powerful model to address these functional related issues. 

 

19) p. 98, p. 102 

The pattern of accuracy scores could be indicative for differences between groups in the 

implementation of cognitive control: a higher degree of effortful attentional control 

should be associated with higher accuracy on incongruent trials as compared to subjects 

relying predominantly on a fast but less controlled process of conflict resolution; in the 

congruent condition then again this pattern should be reversed due to a suppression of 

facilitation effects when both color and word meaning would support correct 

responding. However, less than one and three percent of the variance were explained by 

group differences for the congruent and incongruent conditions, respectively. 

 

20) p. 106 

Of course, further specifications regarding attention and the wealth of phenomena 

associated with it can be made, but this is out of the scope of this disquisition. The 

interested reader might refer to more thorough discussions of this and related topics, as 

for example given in Posner (2004).  
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