
PHD THESIS DANISH MEDICAL JOURNAL 

 DANISH MEDICAL JOURNAL   1 

 

 

 

 

 
This review has been accepted as a thesis together with 3 previously published 

papers by University of Copenhagen 18th of June 2013 and defended on 30th of 

August 2013. 

 

Tutor(s): Gunhild Waldemar , Ellen Garde & Steen Hasselbalch 

 

Official opponents: Murali Doraiswamy & Leif Østergaard. 

  

Correspondence: Danish Dementia Research Center, Department of Neurology, 

Rigshospitalet, Belgdamsvej 9, 2100 Copenhangen, Denmark. 

  

E-mail: kristian.steen.frederiksen@regionh.dk 

 

 
Dan Med J 2013;60:(10): B4721 

 

LIST OF ORIGINAL PAPERS 

 

1. Frederiksen KS, Garde E, Skimminge A, Ryberg C, Rostrup E, 

Baaré WFC, Siebner HR, Hejl AM, Leffers AM, Waldemar G. Cor-

pus callosum atrophy in patients with mild Alzheimer's disease. 

Neurodegener Dis 2011;8(6):476-482. 

 

2. Frederiksen KS, Garde E, Skimminge A, Barkhof F, Scheltens P, 

van Straaten EC, Fazekas F, Baezner H, Verdelho A, Ferro JM, 

Erkinjuntti T, Jokinen H, Wahlund LO, O´Brien JT, Basile AM, Pan-

toni L, Inzitari D, Waldemar G. Corpus callosum tissue loss and 

development of motor and global cognitive impairment: the 

LADIS study. Dement Geriatr Cogn Disord 2011;32(4):279-286. 

 

3. Jokinen H, Frederiksen KS, Garde E, Skimminge A, Siebner H, 

Waldemar G, Ylikoski R, Madureira S, Verdelho A, van Straaten E C 

W, Barkhof F, Fazekas F, Schmidt R, Pantoni L, Inzitari D, Erkin-

juntti T. Callosal tissue loss parallels subtle decline in psychomo-

tor speed. A longitudinal quantitative MRI study. The LADIS Study. 

Neuropsychologica 2012;50(7):1650-1655.  

INTRODUCTION 

SETTING THE STAGE FOR THE THESIS – A HISTORICAL PER– 

SPECTIVE 

At least as early as the 1500s, anatomists clearly distinguished 

between white and grey matter of the cerebrum, and with the 

invention of the microscope in the 1600s, the fibers of the white 

matter were observed [1]. Despite these and other observations 

of the salient features of white matter structure, the first clinico-

pathological investigations of neurological deficits focused on the 

cortex. Broca´s seminal observation of the importance of the left 

frontal cortex for language production [2], helped promote the 

corticocentric idea of cortical localizationism, i.e. that cognitive 

functions reside in specific cortical areas [1,3]. To underline what 

retrospectively can only be viewed as disproportionate emphasis 

on the cortex and relegation of the white matter, it was proposed 

that the purpose of the largest fiber bundle of the brain, the 

corpus callosum (CC), was mechanical in that it prevented the 

brain from sagging [4]. However, not all researchers considered 

the white matter to be without importance in respect to cognitive 

function. Wernicke, in the late 1800s, predicted the existence of a 

speech impairment due to a lesion in the white matter which 

would disconnect the motor language area (Broca´s area) from 

the sensory language area (the superior temporal gyrus, later 

Wernicke´s areas), termed conduction aphasia [5]. This laid the 

foundations for the associationist theory of the brain, which was 

based on the assumption that all cognitive functions of the brain 

was a result of the connectivity of the brain [6]. Following, a 

series of neurological syndromes (e.g. [7,8]), which were to be 

termed classical disconnection syndromes, were described. In 

1892, Dejerine described what is still considered to be the epit-

ome of callosal syndromes, namely pure alexia without agraphia, 

due to a lesion in the CC [9]. However, the ideas of associationist 

theory had more or less disapeared out of the science of neurol-

ogy by the early 1900s, and was eclipsed by cortical localisation-

ism [6,10] and the theory of equipotency [11].  

A renewed interest in white matter connectivity and its role in 

cerebral functions was motivated by a landmark publication in 

1965 by Geschwind describing various disconnection syndromes 

in animals and humans [12,13]. By doing so, Geschwind intro-

duced a theoretical framework where cognitive functions were 

reliant on specific networks in the brain. Geschwind built his 

paper on the work by Wernicke and others, but also extended it. 

For example, according to Geschwind, lesions in cortical areas 

were also hypothesised to be able to cause disconnection syn-

dromes, a proposition based on the 19th century observation, 

that no primary sensory cortical areas directly connected with 

other distant cortical areas [14]. Instead connections only range 

to adjecent association cortex, which acts as a relay station. 

Moreover, the theoretical considerations of Geschwind when 

compared to Wernickes, were more compatible with the lesions 

and resultant deficits seen in the clinic, and importantly enabled 

the formulations of hypotheses which were readily testable [15]. 

What may be said to have emerged following Geschwind´s 

landmark paper has not been to position white matter as the 

dominant structural underpinning of cognitive functions. Rather, 

it paved the way for a model which juxtaposes grey and white 

matter, and emphasises activity in distributed neural networks as 

the basis of the cognitive functions of the brain. A ”connectionist” 
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model in which the cognitive behavioral output represents an 

emergent property of the network, not just the additive product 

of the cortical areas connected within the network [16,17]. One 

interpretation of the implicit consequences of this model is that 

the functions of the grey matter at a given time is dictated by the 

network by which they are currently engaged. Therefore, if the 

functional connectivity in the network has a structural underpin-

ning, the white matter may be said to dictate the functional state 

of the grey matter structures. Along with this model has also 

come the realisation that the classical disconnection syndromes, 

which related a single relatively well-defined lesion to the ap-

pearence of a syndrome, does not suffice to explain how more 

prevalent pathologies affecting the white matter may lead to less 

well defined syndromes and deficits [18]. To take an example 

relevant to this thesis, dementia may indeed ensue from a single 

lesion in the white matter such as a strategic infarct. However, 

diffuse and wide-spread pathology leading to disruption of the 

white matter may be a more prevalent type of white matter 

lesion leading to dementia [18]. The research into the structural 

correlates of dementia have had a similar ”corticocentric” bias as 

previously outlined for cognitive functions in general. It is un-

equivocal that Alzheimer´s disease (AD), the most prevalent neu-

rodegenerative cause of dementia, is associated with cortical 

atrophy, including hippocampal atrophy. However, imaging stud-

ies have shown that changes in the white matter also occurs [19]. 

Therefore, the premise of this thesis is that neurologic functions 

including cognitive functions are reliant on intact white matter, 

and that structural changes in the white matter, including the CC, 

may play a role in dementia and age-related functional and cogni-

tive decline.  

 

THE WHITE MATTER 

The two major tissue types of the brain are grey and white 

matter respectively with white matter occupying approximately 

40-50 % of the total brain volume [20]. The cortical mantle and 

subcortical nuclei consists of grey matter, whereas white matter 

is interspersed between these structures. On MRI and neuropa-

thological examination, white and grey matter may appear as two 

distinct but uniform tissue types, but does not surprisingly consist 

of different cellular components. In the white matter, discrete 

ensembles of axons, termed fiber tracts or bundles are found. The 

axons arise from neuronal cell bodies located in the grey matter 

from where they project into the white matter. Axons in the 

white matter consists of mostly myelinated axons, i.e. axons 

ensheathed by many layers of oligodendrocyte membrane. The 

fatty myelin sheath is the source of the white appearence of this 

tissue type, and its principle function is to modify the electrical 

property of the axon, conferring a much higher propagation of 

the action potential and reducing the refractory period following 

an action potential before a second may be conducted [21]. Mye-

lination of the brain is far from completed in the newborn and 

continue into adolescence and possibly even further into adult-

hood [22]. The phylogenetically youngest brain regions, such as 

frontal white matter, are the last to myelinate, whereby a poste-

rior-to-anterior gradient in terms of myelination is present [23]. 

Other cells in the white matter include astrocytes and microglia. 

White matter tracts may be categorized into 3 different types 

based on their topological projection. Association fibers are usu-

ally long-range fibers, which connect intra-hemispheric areas and 

includes the superior and inferior longitudinal fasciculus, arcuate 

and uncinate facsiculus and the cingulum. A subset of association 

tracts are socalled U-fibers which are short tracts running imme-

diately subjacent to the cortex and connects neighbouring gyri. 

Projection tracts runs perpendicular to association fibers in an 

ascending-descending or descending-ascending manner. These 

include tracts between the cortex and the spinal cord. Lastly, 

commissural tracts connect the two hemispheres, and includes 

the largest fiber tract in the human brain, namely the CC. The 

anatomy and function of the CC will be the focus of a subsequent 

section. Other notable commisural tracts are the fornix commis-

sure sometimes also referred to as the hippocampal commissure, 

and the anterior and posterior commissure [24].  

As in other areas of anatomy, white matter anatomy is multi-

faceted and multi-hierarchical. This has led to divisions of the 

white matter based not only on the aforementioned tracts. For 

example the white matter surrounding the lateral ventricles may 

be referred to as the periventricular white matter whereas white 

matter subjecent to the cortex may be referred to as subcortical 

white matter. However, no clear boundary between these two 

areas have been defined, and a distinction may make more sense 

in the context of the presumed difference in susceptibility to 

vascular lesions. 

The blood supply to the white matter may be separated into 

zones: that to the subcortical white matter containing U-fibers, 

and that to the deep, periventricular white matter. From the 

leptomeninges, small arteries penetrating the cortex to the white 

matter irrigate the subcortical white matter. Furthermore, arter-

ies which do not immediately give off branches when entering the 

white matter, penetrate deeper towards the periventricular white 

matter. Here, the arteries branch off for irrigation of the deep 

white matter, but also gives rise to branches coursing back to-

wards the subcortical white matter. This provides the subcortical 

white matter with redundancy in its blood supply, and may be the 

source of the relative resistance of the u-fibers to ischemic dam-

age [25,26].  

Several different pathologies may more or less selectively af-

fect the white matter such as autoimmune, infectious, metabolic, 

toxic inflammatory, and vascular disease. With regards to vascular 

disease affecting the white matter, this includes both large in-

farcts and hemorrages, which often also involves cortex, but also 

less striking changes such as lacunar infarcts, microbleeds and 

white matter lesions [27]. Regarding white matter lesions, also 

called leukoaraiosis, these changes  may be observed on MRI as 

white matter hyperintensities or on CT as  hypodense areas [28], 

and are associated with hypertension, diabetes and other vascu-

lar risk factors, and is thought to result from small vessel disease 

[26,29]. However, the most prominent risk factor is aging, and 

white matter hyperintensities are prevalent in elderly subjects 

[29]. In the context of the Leukoaraiosis And DISability (LADIS) 

study, these changes have been referred to as age-related white 

matter changes (ARWMC). 

 

AGING AND DEMENTIA 

Within the last decades, the number of persons living to old 

age (arbitrarily defined as age over 65 years) has increased dra-

matically, and will continue to do so in the next decades. Since 

the most significant risk factor for dementia is age (i.e. increasing 

age increases one´s risk), one consequence of the aging popula-
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tion is an increase in the number of persons living with dementia 

[30].  

However, dementia is not a natural consequence of aging, but 

represents the presence of pathological neurodegeneration which 

leads to cognitive decline and loss of functional abilities which 

sharply deviates from what may be expected at a given age. AD is 

the most prevalent neurodegenerative dementia, roughly respon-

sible for 40-50 % of dementia cases [31]. Clinically, patients with 

AD often present with early and prominent episodic memory 

deficits, although deficits in other cognitive domains may be 

present. Steady progression with increasing cognitive impairment 

which will include more and more cognitive domains is a hallmark 

feature. The fundamental understanding of the neuropathological 

changes leading to AD have been greatly advanced within the last 

20 years, highlighting deposition of beta-amyloid and atrophy of 

grey matter, the most salient of which is hippocampal atrophy, as 

central components in the pathophysiology of the disease [32]. 

However, despite the growing knowledge of disease mechanisms, 

disease-modifying treatments are lacking, and there is still a great 

need for further diagnostic tools. Moreover, several aspects of 

the pathophysiology remains to be elucidated, including the role 

of white matter atrophy. Other neurodegenerative diseases, 

which are prevalent causes of dementia, include vascular demen-

tia (VaD) and fronto-temporal dementia (FTD). VaD is character-

ised by vascular changes, either larger strategic infarcts or smaller 

vascular changes such as lacunar infarcts and white matter lesions 

[33]. 

As highlighted above, dementia represents a pathological de-

cline in cognitive function, distinctive from the normal aging 

proces. However, normal aging is also associated with decline in 

cognitive function (possibly mostly so for executive and process-

ing speed) and atrophy in grey and white matter. In the following 

sections, the age-associated CC changes and changes in the CC in 

dementia will be reviewed. 

 

STRUCTURE AND BASIC FUNCTION OF THE CC 

The CC is a massive white matter commisural tract located in 

the middle of the cerebrum. On the mid-sagittal slice of an MRI, 

the structure is reminiscent of a C-shape with the convexity dor-

sally. Anteriorly, the CC forms a hook whereby it doubles back on 

itself for a few milimeters. Posteriorly, the CC bends at a lesser 

angle while forming a bulbosity. The CC may be divided into 4 

anatomical areas, although no clear definitions exist to delineate 

them. From anterior to posterior they are rostrum, genu, mid-

body and splenium [34]  (See figure 1).  

Callosal axons arise from neurons with their soma in cortical 

layer V and to a lesser extent layers II,III and VI [35]. The projec-

tions primarily connect contralateral homotropic cortical areas 

(i.e. left frontal cortical areas with right frontal cortical area), but 

there is evidence to suggest that heterotropic projecting neurons 

exists as well as neurons with dual projections [36,37] and projec-

tions to subcortical structures, although the latter has only con-

vincingly been established in animals [35].  

The CC has a rich blood supply with frequent anastomoses, 

possibly mitigating the incidence of isolated callosal infarcts [38]. 

From the anterior communicating artery the subcallosal and the 

median callosal artery approaches the CC from below and curves 

around the anterior CC continuing on the dorsal aspect of the CC. 

In most subjects, one of the two arteries is the dominant artery 

and irrigates the anterior and, in some instances, also the middle 

of the CC. The pericallosal artery, also arising from the anterior 

communicating artery, gives off several named branches all sup-

plying the CC. These form the pericallosal pial plexus. The poste-

rior CC is supplied by the posterior pericallosal artery from the 

posterior cerebral artery [25,39]. 

Since the CC is the largest commisural tract with approxi-

mately 200 million axons [40], there is general consensus in the 

litterature, that the most basal function of the CC is interhemi-

spheric communication, as evidenced by studies linking different 

measures of interhemispheric transfer of information to anatomic 

properties of the CC [41,42]. However, the neuronal actions by 

which this is achieved and what exactly this large capability for 

information transfer may be nessecary for, remains to some 

degree a matter of speculation.  Two models have been sug-

gested by which the CC may facilitate interhemispheric transfer. 

The first model suggests that the CC is a conduit through 

 

 

 

FIGURE 1: CORPUS CALLOSUM 

 
On the mid-sagittal slice (of a MRI) on the top are the anatomical subdivisions of the CC indicated. 

1=Rostrum, 2=Genu, 3=Midbody,  4= Splenium. On the bottom is the partitioning scheme with 

radial dividers used on study I-III. 
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which the two hemispheres exchange and coordinate information 

(excitatory model) [41], e.g. sensory information, and the second 

model, that the CC enables one hemisphere to modulate and 

inhibit the function of the contralateral hemisphere (inhibitory 

model) [43] in order to limit processing to one hemisphere when 

appropriate. Such models may be relevant to both cognitive as 

well as motor function. The suggested models of basal callosal 

function are not mutually exclusive. Indeed, both large myeli-

nated axons, which conduct information at a high speed, and 

small unmyelinated axons for slower modulatory effects [40,44] 

are present in the CC, and may be seen as structual cellular prop-

erties supporting such a dual function of the CC [45,46]. Further-

more, results from studies applying electrophysiological methods 

to the study of the CC have found that the structure may both 

inhibit and fascilitate activity in the contralateral hemisphere. 

Moreover, the speed with which information transfer occurs, 

seem to be dependent on the directionality of the transfer, with 

the fastest transfer when information is transferred from the 

non-dominant to the dominant [47]. The lateralisation of some 

cerebral functions have been suggested to be reliant on callosal 

function, and in this context both an inhibitory and excitatory 

function of the CC may be a prerequisite. That is, inhibition of the 

hemisphere not participating, and transfer of information, such as 

sensory, in situations where information is percieved by one 

hemisphere and processed in the contralateral [48].  

The distribution of axons of varying diameter in the CC may 

further help inform of the structure-function relationship in the 

CC. Axons of varying diameters are not randomly distributed 

across the CC. Rather, they are roughly distributed according to 

the cortical areas callosal neurons project to [40]. In the anterior 

CC, axons projecting to areas in prefrontal cortex are of small 

diameter. In contrast, in the midbody of the CC, which projects to 

motor and somatosensory cortex, large-diameter axons are 

found. In the posterior splenium, larger diameter axons are also 

found, possibly connecting areas of visual cortex, whereas in the 

anterior part of the splenium and posterior midbody, smaller-

diameter axons may connect to association cortex in the parietal, 

temporal and occipital cortex [44,49,50]. This topgraphy of axons 

have led to the suggestion that the CC may best be conceptual-

ized as a collection of different tracts with unique structural 

properties and function, rather than one single tract [51]. It 

should be noted that the cortical projections of the CC remains an 

area of continued investigation. To that end, advances in diffu-

sion-weighted MRI (DW-MRI) has contributed greatly. In DW-MRI 

the MR signal is sensitized to diffusion of water. Since the diffu-

sion of water molecules will be affected by barriers such as mye-

lin and cell-walls of neurons, it is possible  to characterize and 

quantify certain aspects of white matter microstructure. More-

over, it is possible to reconstruct tracts in the white matter in 3-D, 

so-called tractography, which has been used to explore callosal 

projections to the cortex [52]. Studies applying these methods to 

chart the callosal projections have come to somewhat divergent 

results. However, some results are noteworthy, and consistently 

reported across studies. Firstly, most studies find the largest 

cortical area to send projections through the CC is the frontal 

cortex, covering approximatly the anterior 1/3 of the CC. Sec-

ondly, temporal and parietal cortex seemingly has relatively few 

connections through the CC. Although not an unexpected finding, 

since mesial temporal lobe structrures are connected through the 

hippocampal commisure, rather than the CC, this finding may also 

be confounded by the failure of tractography to identify laterally 

projecting callosal fibers [36]. Tractography algorithms tend to fail 

in areas with crossing fiber populations such as the area where 

laterally projecting callosal fibers pass through. Thirdly, some 

overlap in the CC with respect to projections exists so that for 

example neurons from frontal and motor cortex intermingle 

[49,50,53,54]. These results, however should be interpreted with 

caution since they lack confirmation from postmortem neuro-

anatomical investigations, and since DW-MRI and tractography as 

a method needs further neuroanatomical validation [52]. 

 

COGNITIVE AND MOTOR FUNCTIONS RELATED TO THE CC 

Several different strategies have been employed in the effort 

to delineate the cognitive and motor functions reliant on intact 

callosal connections. One such strategy is the study of so-called 

split-brain patients, who have undergone transsection of the CC 

in order to inhibit the interhemispheric spread of epileptic activ-

ity. Some patients may show severe neurological problems fol-

lowing the surgery, whereas others have very subtle deficits, 

evident only when patients are subjected to tests specifically 

designed to evoke them. These include deficits in visuo-spatial 

processing, language comprehension, self-recognition, abstract 

reasoning (comprehension of causality), moral reasoning and 

learning new bimanual tasks [42,55–57]. Moreover, experiments 

with patients undergoing partial sectioning of the CC have indi-

cated, as one would expect, that different parts of the CC is in-

volved in different functions, with the posterior CC being more 

involved in visual processing, and the anterior involved in higher 

cognitive functions [57,58]. Other experiments in patients with 

isolated vascular or neoplastic lesion as well as studies in patients 

with congenital abnormalities of the CC have further indicated 

that many other cognitive functions may be reliant on the CC. This 

includes attention [59,60], processing speed, category fluency 

[61], verbal memory [55], apraxia [57], alexia without agraphia 

[62], dyslexia and others [57,63,64]. Regarding callosal motor 

functions, focus has been on bimanual tasks which require coor-

dination of the movements of the limbs. Patients who have un-

dergone callosotomy and acallosal subjects display deficits in 

bimanual tasks, possibly more pronounced with learning new 

bimanual tasks [64]. Structural properties of the CC have also 

been shown to predict how well healthy subjects acquire a new 

bimanual task [64–68]. Furthermore, there is evidence that chil-

dren showing isolated agenesis of the CC reach motor learning 

milestones later, compared to healthy children, primarily when it 

comes to skills requiring bimanual skills, such as riding a bicycle 

[69]. Another deficit which may impair motor function is a re-

duced ability for the transfer of sensory input between hemi-

spheres. For example, callosotomized patients may show deficits 

in tasks in which sensory stimuli acts as a cue for eliciting a certain 

motor response, when this stimulis is presented to the contralat-

eral hemisphere from which the motor response should be 

evoked [42].  

However, several major caveats must be highlighted regard-

ing these strategies of investigation. The data mostly arises from 

case studies of a small number of individual patients, sometimes 

with the same patient being teated again and again over several 

decades [70]. This method is very useful especially for hypothesis 

generation, but is sensitive to individual variations and often 
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precludes statistical testing. Furthermore, patients with callosal 

lesions, congenital abnormalities of the CC and callosotomized 

patients may have pathology in other brain structures, which may 

confound the findings. Lastly, it is important to highlight that the 

modes of lesion in these patients are fundamentally different 

than the atrophy and vascular lesions associated with dementia 

and old age, and therefore the cognitive deficits associated with 

CC atrophy may likewise differ fundamentally. For example, cal-

losal atrophy may be a consequence of cortical atrophy which 

may lead to other deficits compared to those caused by direct 

damage to the CC.  

Overall, the cognitive deficits reported to result from callosal 

damage are heterogenious, and may be influenced by confound-

ing factors as already highlighted. However, if interpreted in line 

with the ”connectionist” brain model presented earlier in the 

thesis, it may be a result of the involvement of the CC in several 

different functional networks. Therefore, pathological changes in 

the CC may very well lead to very diverse cognitive impairments. 

 

IMAGING OF THE CC 

The fundamental assumption behind any investigation of 

structure-function relationships is that the way in which the struc-

ture is quantified relates to some biological phenomenon which 

may impact the function of the structure. For the CC, measure-

ment of the mid-sagittal area has been the most widely applied 

method for quantification in imaging research. At this point in the 

brain, the callosal fiber are densely packed as opposed to more 

laterally, and therefore offers the most salient point for quantifi-

cation. A few studies have examined whether the area of the CC 

correlates with fiber density. Aboitiz et al [40,71], investigated a 

large sample, and found that there was a correlation in areas with 

predominantly smaller diameter axons (< 3 μm). This may be due 

to a higher variability of the fiber diameter in areas of the CC with 

larger diameter axons. Two other studies found a clear positive 

correlation between CC area and fiber density both for areas with 

small and large diameter axons and areas where different popula-

tions of axon diameter were mixed [72,73], indicating that CC 

area is principally influenced by axon number and not by axon 

diameter in aging. A similar relationship has been reported in 

another study [44] and also in the Macaque monkey [74]. How-

ever, it is possible that other factors may contribute, such as 

demyelinisation and change in the density of axons, but this 

remains speculative. Since the CC is devoid of macroanatomical 

landmarks which may be used to subdivide the CC, neuroimaging 

studies have applied different geometric partioning schemes. The 

most widely used partitioning scheme is based on Witelsons 

partitioning scheme [75], which divides the CC into 5 subregions 

either with radial or vertical dividers (Figure 1). The Witelsons 

partitioning scheme is based on the assumed projections of cal-

losal axons to the cortical lobes. Other partitioning schemes with 

fewer or more subregions have been used [76–79]. Furthermore, 

the application of DW-MRI and tractography to CC anatomy has 

indicated that other partitioning schemes may better capture the 

projections of callosal neurons to cortical areas, but these results 

need postmortem validation. 

Other methodologies have been applied for measuring the 

size of the CC. These include callosal height [80], width [81] and 

bending angle [82]. Furthermore, DW-MRI has also been used in 

several studies [19,83,84] as has other MRI derived measures 

[85,86] which assesses other aspects of the CC such as cellular 

microstructure. 

 

NEUROPATHOLOGICAL CHANGES LEADING TO CC ATROPHY 

The underlying mechanisms of CC atrophy in aging and de-

mentia in not yet fully elucidated. However, two mechanisms are 

often highlighted in the litterature. These are Wallerian degen-

eration due to cortical atrophy and damage to callosal fibers 

caused by white matter lesions, such as ARWMC. Findings so far 

seem to indicate that both mechanisms may be associated with 

CC atrophy in different populations [78,87–89]. Other mecha-

nisms may also be involved in CC atrophy. For example, 

transsynaptic degeneration in which neurons degenerate due to 

lesions of neurons which synapse on them, may play a role, as 

may diaschisis [27]. Furthermore, processes which may not lead 

to total loss of the axon, such as demyelination may also be an 

important factor in CC atrophy. It should also be highlighted, that 

pathological processes which are not detectable by structural MRI 

may lead to changes in callosal function. This includes slowed or 

absent conduction of action potentials and asynchronous activity 

in neurol networks which the CC is involved in. Such pathological 

changes may be detectable using neuropsychological examination 

[42], eletro-neurophysiological measurement [41], transcranial 

magnetic stimulation [47] and fMRI [90]. 

 

PREVIOUS FINDINGS IN AGING AND DEMENTIA 

Structural changes of the CC in old age have been investigated 

in several cross-sectional MRI studies. A decline in size and micro-

structural integrity in anterior parts of the CC is often reported as 

being the most predominant finding [83,91–94], and is corrobo-

rated by postmortem findings [73,95].  

Several cross-sectional studies have found an association be-

tween age-related CC atrophy and global cognitive function [96–

98]. Jokinen et al [99] investigated more specific cognitive do-

mains in the LADIS cohort and found anterior CC atrophy to be 

associated with slower psychomotor speed and poorer perform-

ance on tests of executive function. Other studies have found 

similar associations between anterior CC size and measures of 

processing speed and executive function as well as working 

memory [100–102]. For processing speed an association to 

changes in microstructure measured by DW-MRI has been re-

ported [103].  

Another interesting observation which may be relevant to the 

role of the CC in relation to cognitive aging, comes from func-

tional MRI studies. It has been observed that tasks which elicit 

lateralized brain activation in young persons, may elicit brain 

activation in both hemispheres in elderly persons [104]. This has 

been termed hemispheric asymmetry reduction in older adults 

(HAROLD), and is suggested to be a compensatory mechanism of 

the aging brain relevant for both cognitive [105] and motor func-

tions [106]. It should be noted that the bihemispheric activation 

in elderly subjects may also be viewed as a failure of the brain to 

recruit specialized neural mechanisms (the dedifferentiation 

hypothesis), possibly due to degenerative changes in the CC 

[107], or that the right hemisphere is more susceptible to age-

related decline [108].  However, compensatory mechanisms and 

detrimental effects may occur simultaneuos. e.g. in different 

parts of the brain, both leading to decreased lateralisation of 

brain activation [108].  
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Whether CC atrophy may be one of the underlying neural 

mechanisms of motor deficits in the elderly is less well under-

stood. As has already been established, studies have indicated 

that bimanual motor tasks may be reliant on callosal function 

[64–68]. However, unilateral motor tasks may also be reliant on 

callosal functions since these most likely require inhibition of the 

contralateral cortex, to ensure inhibition of mirror movements. 

This is supported by the fact that infants and young children show 

mirror movement, which have been linked to an immature CC 

[109], and is also observed in syndromes which includes agenesis 

of the CC [69]. Other indirect evidence for the role of the CC in 

age-realted motor decline comes from observations of decline in 

bimanual functions with age [110] and observations from fMRI 

and transcranial magnetic stimulation (TMS) studies that support 

similar compensatory mechanisms (such as HAROLD) for motor 

functions in the elderly [37,111,112].  

Studies specifically investigating CC atophy in neurodegenera-

tive diseases have been carried out in patients with VaD [113], 

fronto-temporal dementia (FTD) [114], Parkinson´s disease 

[115,116] and progressive supranuclear palsy [76]. 

A large number of imaging studies have shown that CC atro-

phy occurs in AD patients when contrasted with healthy elderly 

controls [79,117–120]. Posterior CC atrophy seems to be most 

consistent finding in the posterior CC in AD, and may be the first 

area of the CC to be affected. Later on in the disease, other parts 

of the CC is affected [117,119]. In VaD, CC atrophy is also present, 

but is possibly less severe than in AD. Moreover, when contrast-

ing to healthy controls, as opposed to the pattern in AD, the 

anterior CC is more severely affected in VaD [77,120–122]. The 

different patterns in AD and VaD may be due to different underly-

ing mechanisms, such as cortical atrophy in AD, and vascular 

changes in VaD [113,123]. The pattern of atrophy of the CC corre-

sponds well with the cognitive deficits observed in VaD i.e. defi-

cits in socalled ”frontal” functions, and AD in which episodic 

memory impairments are observed, which rely om temporal 

structures. 

In conclusion, a large number of studies have aimed at eluci-

dating the role of the CC in aging and cognitive and motor func-

tion decline. Nevertheless, several important aspects related to 

this subject has yet to be adressed. First and foremost, there is a 

lack of studies examining tissue loss over time in an elderly popu-

lation. Moreover, the association between specific cognitive 

domains and CC tissue loss remains largely unexplored. Lesional 

studies have been informative, but as already mentioned, the 

mechanism of damage may very well influence the observed 

deficits. The same is applicable to motor functions. Therefore, it 

remains undetermined whether direct conclusions regarding the 

effect of CC atrophy and tissue loss in elderly subjects, may be 

drawn from such lesional studies. Regarding dementia, the spe-

cific subregional pattern of CC atrophy in early stages of AD has 

been the subject of only a few studies, and conclusions have been 

limited by the very heterogenious patients included. Moreover, 

CC tissue loss in elderly subjects who progress to dementia has 

not been examined. 

OBJECTIVES AND HYPOTHESES 

 

The overall objective of the thesis were: 

 

To examine the pattern of CC atrophy in early AD, and its as-

sociation with progression of global cognitive impariment  

 

To explore the association between CC tissue loss and the de-

velopment of cognitive and motor impairment in elderly subjects 

over time 

 

The hypotheses were: 

 

AD is associated with atrophy of the CC even early in the dis-

ease course, and CC atrophy is associated with faster cognitive 

decline 

 

A greater CC tissue loss over the course of 3 years is associ-

ated with higher risk of developing cognitive and motor impair-

ment in elderly subjects 

 

BRIEF OVERVIEW OF THE PURPOSE AND DESIGN OF THE STUDIES 

Study I 

Study I is a cross-sectional case-cotrol study with a group of 

mild AD patients and a control group consisting of dementia-free 

subjects with ARWMC. The primary aim of the study was to assess 

the pattern of CC atrophy in earlier phases of AD. Furthermore, 

the correlation between CC size and ARWMC, and CC size and 

MMSE score at 1-year follow-up was assessed. 

 

Study II 

Study II is based on data from the LADIS study, a prospective 

cohort study, and assesses the impact of CC tissue-loss over a 3-

year period on progression to dementia, and on global cognitive 

and motor impairment. The population in the LADIS study were 

elderly subjects with ARWMC, who were dementia-free at base-

line. 

 

Study III 

Study III is based on data from the LADIS study, a prospective 

cohort study and assesses the impact of CC tissue-loss over a 3-

year period on impairments in executive and memory functions, 

and processing speed. The population in the LADIS study were 

elderly subjects with ARWMC, who were dementia-free at base-

line. 

MATERIALS AND METHODS 

 

LEUKOARAIOSIS AND DISABILITY IN THE ELDERLY (LADIS) STUDY 

The LADIS study is a longitudinal multicenter cohort study 

with 11 participating centers in 9 European countries (Amster-

dam, Copenhagen, Florence, Graz, Gothenburg, Helsinki, Hud-

dinge, Lisbon, Paris, Mannheim, Newcastle-upon-Tyne). Design 

and rationale has been described in detail elsewhere [124]. The 

study was launched in 2000 with the aim to investigate the im-

pact of ARWMC on the transition to disability in elderly subject 

(age between 64-85 years). Subjects underwent clinical assess-

ment at baseline followed by yearly assessments for 3 years. MRI 

were obtained at baseline and at the 3-year follow-up. A total of 

639 (f/m: 351/288; Age: Mean 74,1 ; SD ± 5 ) elderly subjects with 

no preexisting functional disability or dementia (IADL ≤1) were 

enrolled in the study, all with ARWMC based on MR or CT investi-

gations. Although subjects were without disability, they could 
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have minor neurological, cognitive, mood or motor complaints, as 

well as minor neurological problems (including minor cerebrovas-

cular events). Furthremore, some of the subjects were healthy 

volunteers.  

 

POPULATIONS 

For study II and III data from baseline and 3-year follow-up 

clinical assessment including MRIs were obtained from the LADIS 

study population. For study I, baseline data for LADIS subjects 

enrolled at the Copenhagen center (Memory Disorders Clinic, 

Rigshospitalet), as well as a cohort of AD patients recruited inde-

pendently from the LADIS study at the Copenhagen center, were 

used.  

 

Study I 

AD patients 

Twenty-eight patients referred consecutively to the Memory 

Disorders Clinic at  Rigshospitalet, who met DSM-IV [125] and the 

McKhann criteria [126] for AD were included in this study.  

Inclusion criteria were so that the patients recruited were 

comparable with patients recruited for the LADIS study. 

Further inclusion criteria were as follows:  

• age 64–85 years,  

• MMSE >20 (AD patients only) 

• informed consent  

• Exclusion criteria were as follows: 

The presence of severe illnesses such as cardiac failure, can-

cer or other relevant systemic disease which was likely to cause 

dropout, severe unrelated neurological diseases, leukoencepha-

lopathy of nonvascular origin (immunological, demyelinating, 

metabolic, toxic, infectious, other) or severe psychiatric disorders 

Inability or refusal to undergo brain MRI. 

 

 

Dementia-free subjects 

As a control group, data from the cohort of LADIS subjects re-

cruited at Copenhagen was used. A total of 50 subjects had MRI 

at baseline which permitted quantification of the CC and were 

subsequently included in the study. 

 

Study II & III 

Of the 639  subjects enrolled in the LADIS study, 73 dropouts 

and 43 deaths had occurred at 3-year follow-up. Furthermore, at 

follow-up 30 patients refused to undergo MRI and 1 center was 

unable to obtain funding for follow-up MRI for 47 patients, leav-

ing a total of 446 subjects. Only subjects for whom baseline and 

3-year follow-up MRIs of sufficient quality were available could be 

included, leaving a total of 328 subjects. In this cohort it has 

previously been reported that patients with baseline and follow-

up scans were younger, had longer education and higher MMSE 

score at baseline than subjects with baseline only [127]. However, 

there were no differences in these variables between those sub-

jects with a follow-up MRI which enabled quantification of the CC 

and those with a follow-up MRI which did not (p>0.05).  

Of the 328 subjects, 9 subjects were excluded from study II 

and 75 subjects for study III due to missing imaging variables 

leaving 253 subjects for study III. Furthermore, a number of the 

remaining subjects had missing data for the clinical data (demen-

tia n=9; motor scores: SLS n=138; SPPB n=10; walking speed 

n=20). For the analysis of self-percieved memory impairments, 

subjects were excluded for analysis if the participant had devel-

oped dementia at 3-year follow-up or had missing data with 

regards to dementia status (n=44). See Figure 2 and 3 for flow-

charts of the populations in study II and III.  

 

MRI 

MRI sequences and scanner – Study I 

A 1.5-T scanner (Vision, Siemens) was used to acquire the 

scans for study I. The MRI protocol consisted of 3-D sagittal T 1 -

weighted magnetized prepared rapid gradient echo (MPRAGE) 

images (dementia free subjects: TE = 7 ms; TR = 13.5 ms; FA = 15°; 

voxel size = 0.98 * 0.98 * 1 mm; FOV = 250 mm; AD patients: TE = 

4.4 ms; TR = 11 ms; FA = 8°; voxel size = 0.98 * 0.98 * 1 mm; FOV 

= 250 mm) and fluid attenuated inversion recovery (FLAIR) images 

(dementia free subjects: TE = 110 ms; TR = 9000 ms; TI = 2400 ms; 

FOV = 250 mm; slice thickness = 5 mm; AD patients: TE = 110 ms; 

TR = 9000 ms; TI = 2500 ms; FOV = 250 mm; slice thickness = 5 

mm). 

 

MRI sequences and scanners – Study II & III 

Baseline and follow-up MRIs were conducted according to the 

same standard scan protocol. For baseline scans, 10 centers used 

1.5-tesla scanners, and 1 center 0.5 T, whereas for follow-up 3 

cen- ters had acquired new scanners, so only 1.5-tesla scanners 

were used. To ensure scanner sequence homogeneity across 

centers, phantoms were used. The MRI protocol included the 

following sequences: MPRAGE; (scan parameters: coronal or 

sagittal plane, TE: 2–7 ms, TR: 9–26 ms, flip angle: 15–30, voxel 

size 1 * 1 * 1–1.5 mm 3 ), T 2 -weighted fast spin echo (scan pa-

rameters: axial plane, TE: 100– 130 ms, TR: 4,000–6,600 ms, voxel 

size 1 * 1 * 5 mm 3 , 19–31 slices), and FLAIR (scan parameters: 

axial plane, TE: 100–160 ms, TR: 6,000–10,000 ms, TI: 2,000–

2,400, voxel size 1 * 1 * 5 mm 3 , 19–31 slices). 
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FIGURE 2: FLOWCHART OF SUBJECTS IN STUDY II 

 
Numbers in boxed which are turquoise shaded indicate subjects who were excluded. 

Numbers in boxed which are light-blue shaded indicate remaining subjects after 

each round of exclusions. CC=Corpus callosum, MMSE=Mini-mental status examina-

tion, SLS=Single leg stance time, SPPB=Short physical performance battery. 

 

Assessment of the CC mid-sagittal area 

For assessment of CC, MPRAGE images were reoriented to 

standard Montreal Neurological Institute template orientation, 

using a 6-parameter rigid transformation SPM5 software package 

(http://www.fil.ion.ucl.ac.uk/spm/spm5.html). For study II and III 

baseline MPRAGE images were coregistered to follow-up 

MPRAGE images at this point.  

Next, the CC was localized automatically on the midsagittal 

section of the MPRAGE dataset using learning-based active ap-

pearance models (AAMs) [128]. In short, AAMs parameterize 

object variability from a manually specified training set, and de-

rive a constrained deformation basis enabling the localization of 

objects similar to the training set. The algorithm is based on a 

computational framework described elsewhere. The training set 

consisted of 569 subjects from a cohort of similar ages and the 

resulting AAMs delineated the CCs in the entire data set. A 

trained reviewer unaware of the clinical status subsequently 

corrected for any inaccuracies. Finally, the CC was automatically 

outlined and divided into 5 subregions using a modification of the 

Witelson partitioning scheme (Figure 1). This rotates the CC into a 

coordinate system in which the X-axis is parallel to the longest 

axis (the first principle axis) of the structure, and divides it into 

fractions containing the superior 95% and the inferior 5% of the 

total area; the Y-axis of the coordinate system passes through the 

center of 

 

FIGURE 3: FLOW-CHART OF SUBJECTS IN STUDY III 

 
Numbers in boxed which are turquoise shaded indicate subjects who were excluded. 

Numbers in in boxed which are light-blue shaded indicate remaining subjects after 

each round of exclusions. CC=Corpus callosum VADAS= Vascular Dementia Assess-

ment Scale-cognitive subscale 

 

 

gravity. Radial dividers emanating from the origin with equal 

angular spacing were used to subdivide the CC into rostrum and 

genu (CC1), rostral body (CC2), midbody (CC3), isthmus (CC4) and 

splenium (CC5). The area of each segment was calculated auto-

matically. The method used to outline the CC is independent of 

voxel coordinates, and therefore has subvoxel resolution, and 

inherently corrects for partial volume effects. The areas of each 

segment were calculated automat- ically and adjusted for head 

size, i.e. skull size, by registration (12-parameter affine) of the 

MPRAGE to a standard brain template (Montreal Neurological 

Institute template) from which scaling parameters along the y- 

and z-axes were derived. Each CC area was subsequently multi-

plied by the individual parameters. 

 

Assessment of progression of ARWMC (Study II & III) 

Visual rating of ARWMC progression from baseline to 3-year 

follow-up was done using the modified Rotterdam Progression 

Scale [129]. The scale scores progression in 9 brain areas (no 

progression = 0, progression = 1) yielding a score between 0 and 9 

for each subject. Scoring of scans was carried out in a side-by-side 

manner by a single rater blinded to clinical status. To identify 

lacunes, fluid attenuation inversion recovery, MPRAGE and T 2 

images were used. 

 

Assessment of ARWMC volume (Study III) 

ARWMC volume was analyzed at baseline on the axial FLAIR 

images by a single rater using a semi-automated method [130]. 

The lesions were marked by the rater, and borders were set by 

using local thresholding on each slice. This was followed by auto-



 DANISH MEDICAL JOURNAL   9 

 

 

 

 

matized calculation of the the total volume of all delineated 

ARWMC. 

 

Assessment of ARWMC using the Fazekas scale (Study I) 

For ARWMC assessment, visual rating on the FLAIR images 

was performed using the modified Fazekas scale [28] which cate-

gorizes the ARWMC into 3 severity classes (mild/moderate/se- 

vere). All ratings were performed by an experienced rater (E.G.) 

blinded to the clinical data. 

 

Assessment of medial temporal lobe atrophy (Study II & III) 

Medial temporal lobe atrophy (MTA) was visually assessed at 

baseline according to the MTA scale [131]. Assessment was done 

on the coronal T1 -weighted sequence with a possible score of 0–

4: 0 = no atrophy; 1 = widening of the choroid fissure; 2 = widen-

ing of the choroid fissure and temporal horn; 3 = widening of the 

cho- roid fissure and temporal horn and diminishing height of the 

hip- pocampus; 4 = severe atrophy. The mean of the left and the 

right scores was used. 

 

Assessment of whole brain atrophy (Study III) 

Brain atrophy was assessed at baseline with a template-based 

visual rating scale ranging from 1 (no atrophy) to 8 (severe atro-

phy) separately on ventricular and sulcal areas as validated before 

in the LADIS study. The sum of the two ratings was used as a 

global measure of atrophy. 

 

ASSESSMENT OF GLOBAL COGNITIVE FUNCTIONS 

MMSE 

The MMSE is a 30-item cognitive screening instrument, and 

was used to assess global cognitive function [132]. For study II 

and III, MMSE scores were obtained at baseline and 3-year follow-

up. For study I MMSE scores were obtained at baseline and aftet 

1-year follow-up. 

 

ASSESSMENT OF SPECIFIC COGNITIVE DOMAINS 

A total of 3 specific cognitive domains were assessed in study 

II at baseline and 3-year follow-up. These included the following 

domains: Speed and motor control (processing speed), executive 

function and memory functions. A battery of tests were used for 

this purpose, and compund scores for each domain were calcu-

lated based upon the score from these tests. Calculation of com-

pound scores will be reported in a following section of Statistical 

analysis. 

 

Vascular Dementia Assessment Scale-cognitive subscale  

The Vascular Dementia Assessment Scale-cognitive subscale 

(VADAS) is an extension of the ADAS-cog designed for patients 

with cognitive impairment presumed to be on a vascular basis 

[133,134]. The additions included in the VADAS are as follows: 

delayed word recall, symbol digit modalities test, digit span, 

maze, digit cancellation, and verbal fluency.  

 

Stroop test 

The Stroop test is widely accepted as a measure of certain as-

pects of executive functions [135]. The test consists of 3 sheets. 

The first sheet is color word printed in black (subjects are asked to 

read out loud the color word), the second is colored X´s (subjects 

are asked to read out loud the colors), and the third is color 

words printed in incongruous colored ink (subjects are asked to 

read out loud the color of the ink). 

 

Trail making test 

The Trail making test is a measure of processing speed, se-

quencing, mental flexibility and visual–motor skills [136]. It con-

sists of a part A (subjects are asked to connect sequential num-

bers) and a part B (subjects are asked to connect sequential 

numbers and letters interleaved starting with 1 followed by A). 

 

Processing speed 

For the assessment of processing speed, the time to complete 

part A of the Trail making test was used. Furthermore, from the 

VADAS, the number of correct responses for the digit cancellation 

and the time to complete the maze, was used. 

 

Executive function 

For the assessment of executive functions the subtraction 

score for the Trail making test (B–A) and the subtraction score for 

the Stroop test (color incompatible – color neutral) was used. 

From VADAS verbal fluency (number of animal names generated 

in 60 s) and the symbol digit modalities tests (number of correct 

responses) was used. 

 

Memory functions 

For the assessment of memory functions the following sub-

tasks form the VADAS were used: word recall, delayed recall, 

word recognition, and digit span subtasks. 

 

ASSESSMENT OF MOTOR FUNCTIONS 

For study III results from a battery of motor tests were carried 

out to assess motor functions at 3-year follow-up. For the statisti-

cal analysis, the scores were dichotomized according to previously 

reported cut-off points [137,138] indicating whether a score was 

pathological or physiological. See section on Statistical Analysis 

for details. 

 

Single leg stance time 

Single leg stance time (SLS) is a measure of balance, and 

poorer performance is related to the risk of falls [139]. SLS was 

measured by asking participants to stand on one leg with their 

hands on their hips. This was carried out a total of 4 times (twice 

for each leg). The time participants were able to remain balanced 

one one leg was the outcome measure used. A maximum limit of 

30 s was applied, and a SLS time ≤ 15 s was considered pathologi-

cal.  

 

Short physical performance battery 

The short physical performance battery (SPPB) is primarily 

used to assess lower limb strength and balance. It consists of 3 

subtasks, which are given a score between 0-4 each based on 

performance on each item. The total SPPB hence ranges between 

0-12. The subtasks were: Standing balance:  Ability to balance 

with: a side-by-side stance, a semi-tandem stance, and a full 

tandem stance.  

Gait speed: Participants were timed from a standing start and 

asked to walk at their normal pace over a 4m course. The fastest 

of two trials was used. Lower extremity strength: With their arms 

crossed in front of their chest, participants were asked rise from a 
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chair as quickly as they could five times. A score ≤ 10 on the SPPB 

was considered pathologcial. 

 

Walking speed 

Walking speed was calculated using timed walks on an 8-

meter course, which participants were asked to complete twice at 

their normal walking speed. The fastest time was used to calcu-

late walking speed. A score ≤ 1.2 m/s was considered patholog-

cial. 

 

DEMENTIA DIAGNOSES 

For the identification of subjects with dementia in study I and 

III the Diagnostic and Statistical Manual of Mental Disorders IV 

(DSM-IV) criteria for dementia, were applied. For diagnosis of 

subtypes of dementia in study III and diagnosis of patients with 

AD in study I, the following diagnostic criteria were used: 

Alzheimer´s disease 

For the diagnosis of AD, the National Institute of Neurological 

and Communicative Disorders and Stroke-Alzheimer´s Disease 

and Related Disorders Association (NINCDS-ADRDA) criteria [126] 

were used 

 

Vascular dementia 

For the diagnosis of subcortical VaD, the criteria of Erkinjuntti 

et al. [140] and the National Institute of Neurological Disorders 

and Stroke and Association Internationale pour la Recherché et 

l'Enseignement en Neurosciences (NINDS-AIREN) criteria for VaD 

[33] were applied. 

 

Fronto-temporal dementia 

For the diagnosis of frontotemporal dementia, the criteria of 

McKhann et al. [141] were applied. 

 

STATISTICAL ANALYSIS 

Annual percent change in CC areas was calculated using the 

following formula: [(CCfu ) – (CCb)/(CCb * ISI)] * 100%, where CC 

fu = CC area at follow-up, CC b = CC area at baseline and ISI = 

interscan interval. 

Different statistical approaches were applied for the 3 studies. 

In general, in study I and II logistic regression analyses were ap-

plied to assess the association between dichotomous outcomes. 

For study 1 Spearman´s rank correlation was used to assess asso-

ciations between CC size and MMSE and ARWMC as well as 

ARWMC and MMSE. For study II, multiple linear regression analy-

sis was used to assess an association between CC tissue loss and 

MMSE. In study III associations of CC change to change in cogni-

tive performance was analyzed with hierarchical linear regression 

models.  

For regression analyses in study II and III, these were adjusted 

for relevant clinical, demograpic and imaging covariates. Prior to 

analysis, data was assessed for missing values, outliers and non-

normality, and if necessary the data were transformed. Statistical 

significance was set at p<0.05. 

RESULTS 

 

The results presented in the following represent the main 

findings of the study and adresses the main objectives and hy-

potheses presented earlier in the thesis. For full details please see 

the Appendix. In general, results are reported as mean (SD) if not 

otherwise stated. 

 

STUDY I 

Baseline demographic and clinical summary statistics are 

found in Table 1.  

 

TABLE 1: BASELINE DEMOGRAPHICS, IMAGING AND CLINICAL 

CHARACTERISTICS 

 Mild AD (n=28) Dementia-free subjects 

(n=50) 

Gender (female/male) 21/7 28/22 

ARWMC   

      Mild 15 (54) 30 (60) 

      Moderate 7 (25) 9 (18) 

      Severe 6 (21) 11 (22) 

Age (mean (±SD)) 76.0 (±6.5) 74.1 (±5.2) 

MMSE (mean (±SD)) 24.7 (±1.9)*** 28.4 (±1.3) 

 
For ARWMC number of subjects per category is shown with percentage of subjects 

in paranthesis.  

AD= Alzheimer´s disease 

ARWMC=Age-related white matter changes 

SD= standard deviation 

MMSE=Mini-mental status examination 

***p<0.001 between groups 

 

What is the subregional pattern of CC atrophy in mild AD  

We found that total CC size (t 76 = 1.64, p = 0.05), CC3 (t 76 = 

1.68, p < 0.05) and CC5 (t 76 = 2.79, p < 0.01) was significantly 

smaller in AD patients when compared to controls. When control-

ling for age, gender and ARWMC, only CC5 (p < 0.05; OR = 0.81; 

range = 0.65–0.99) remained significant (Table 2). 

 

TABLE 2: AREA OF CC AND CC SUBREGIONS 

 Mild AD (n = 28), mm
2
 Dementia-free subjects (n = 

50), mm
2
 

 Mean SE Mean SE 

Total CC 426.1
a

  

18.7 460.0 11.4 

CC1  132.3  

 

5.7 138.2  3.8 

CC2 58.2

  

3.1 62.9

  

2.2 

CC3 56.2
a

  

2.9 62.5

  

2.3 

CC4 62.4

  

2.7 65.0

  

2.1 

CC5 113.8
a, b

 6.0 131.4

  

3.3 

a
 p < 0.01 in univariable analysis. 

b
 p < 0.05 in multivariable analysis. 

SE= Standard error 

Is CC size correlated with ARWMC ? 

We did not find any correlations between ARWMC score and 

total CC size, or size of any subregions in AD patients or in con-

trols. 
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Is CC size correlated with MMSE at baseline or change in MMSE 

after one year ? 

Annual change in MMSE score in AD patients was –1.48 (±2.2) 

(p<0.05 for univariable analysis for change within group) and –

0.38 (±1.7) (p>0.05) for controls. In AD patients a correlation was 

found between total CC size and annual change in MMSE from 

baseline to 1-year follow-up (rs = 0.42; p < 0.05). Furthermore, for 

subregions a correlation was found for CC2 (rs = 0.62; p < 0.01) 

and CC5 (rs = 0.52; p < 0.01) and annual change in MMSE (Figure 

4). We did not find any correlation between CC size and baseline 

MMSE. Similarly, we did not find any correlation between base-

line MMSE and total CC or CC subregional size or annual change in 

MMSE and total CC or CC subregional size in controls. 

 

FIGURE 4: TOTAL CC AND CC SUBREGION AREA AND CHANGE IN 

MMSE AFTER ONE YEAR 

 
The graph on the left shows scatter-plot and linear prediction of total CC area and 

chanige im MMSE. The graph on the right shows the same for CC2 and CC5. 

 

STUDY II 

Baseline demographic, clinical and imaging characteristics are 

found in Table 3 and data for 3-year follow-up in Table 4. For 

logistic regression analysis the following covariates were entered: 

Baseline MMSE, age, gender, modified Rotterdam progression 

scale score, MTA score, incident lacunes, and presence of diabe-

tes. 

 

TABLE 3: BASELINE DEMOGRAPHICS, IMAGING AND CLINICAL 

CHARACTERISTICS FOR THE COHORT IN STUDY II (N=319) 

 Mean (±SD)/ n (percent) 

Age  73.8 (±5) 

 

Gender (female/male) 170 (53)/ 149 (47) 

 

MMSE (mean (±SD)) 27.7 (±2.4) 

 

ARWMC  

 

      Mild 141 (44) 

 

      Moderate 106 (33) 

 

      Severe  72 (23) 

 

For ARWMC and gender, number of subjects is shown with percentage of subjects in 

parathesis. SD= Standard deviation 

ARWMC=Age-related white matter changes 

 

Table 4: Three-year follow-up imaging and clinical characteristics 

for the cohort in study II (n=319) 

 Median (range) / n (per-

cent) 

MTA rating  1 (0-3.5) 

 

Incident lacunes (median (range)) 0 (0-9) 

 

Rotterdam progression scale (median 

(range)) 

2 (0-8) 

SLS 77 (43) 

 

Walking speed 112 (38) 

 

SPPB 170 (55) 

 

History of falls 79 (24) 

 

For SLS, walking speed and SPPB number of subjects at 3-year follow-up who had a 

score considered pathological are displayed followed by percentage of subjects in 

paranthesis.  

For history of falls, number of subjects is shown with percentage of subjects in 

parathesis. 

MTA= Medial temporal lobe Atrophy 

SLS= Single leg stance time 

SPPB= Short physical performance battery 

 

Is dementia at 3-year follow-up associated with annual CC tissue 

loss 

Forty-four (13.4%) patients had received a diagnosis of de-

mentia at the 3-year follow-up. Of these, 13 patients were diag-

nosed as having AD, 30 patients VaD and 1 frontotemporal de-

mentia. Due to the relatively small numbers, statistical analysis 

was conducted on the total group of converters, not on subtypes. 

There was a significant difference in annual CC tissue loss in CC5 

between subjects who had not progressed to dementia at 3-year 

follow-up compared to subjects who had progressed to dementia 

by 3-year follow-up (Odds ratio (OR): 0.81; 95% confidence inter-

val (CI): 0.69–0.96; p < 0.05). This indicated that subjects who had 

developed dementia had more severe tissue loss in CC5.  
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Is global cognitive function at 3-year follow-up associated with 

annual CC tissue loss ? 

We found that tissue loss in CC5 was independently associ-

ated with MMSE score at 3-year follow-up (β = 0.21; 95% CI: 

0.05–0.38; p < 0.05). The association indicated that more severe 

atrophy in CC5 was associated with a lower MMSE score at 3-year 

follow-up. 

 

Is motor function at 3-year follow-up associated with annual CC 

tissue loss ? 

For SLS, logistic regression analysis revealed a predictive value 

of the total CC (OR = 0.70; 95% CI: 0.55–0.88; p < 0.01), CC1 (OR = 

0.80; 95% CI: 0.68–0.95; p < 0.01), CC3 (OR = 0.86; 95% CI: 0.76–

0.97; p < 0.05) and CC5 (OR = 0.72; 95% CI: 0.59–0.88; p < 0.01). 

There was no significant predictive value of CC tissue loss on 

other motor test scores (SPPB, walking speed), or on the history 

of falls. 

 

STUDY III 

Baseline demographic and clinical summary statistics are 

found in Table 5.  For analysis in this study, covariates were en-

tered in a step-wise manner. First, in one model age, education, 

sex, and baseline cognitive performance (composite scores for 

the three domains) were entered. In the second model baseline 

ARWMC volume, baseline brain atophy rating, progression of 

ARWMC were also entered.  

 

TABLE 5: BASELINE DEMOGRAPHICS, IMAGING AND CLINICAL 

CHARACTERISTICS FOR THE COHORT IN STUDY III (N=253) 

  

Age (mean (±SD)) 73.7 (5.0) 

 

Gender (female/male) 130 (51) /123 (49) 

 

Education (mean (±SD)) 10.3 (3.8) 

 

Brain atrophy score (median (range)) 7 (2-14) 

 

ARWMC volume, mL (mean (±SD)) 21.4 (21.9) 

 

Rotterdam progression scale (median (range)) 2 (0-7) 

 

For gender, number of subjects is shown with percentage of subjects in parathesis.  

SD= standard deviation 

ARWMC=White matter lesion 

 

Is processing speed associated with annual change in CC size ?  

In model 1, annual tissue loss in total CC area (β =0.12, 

p=0.008), CC1 (β =0.10, p=0.027), and CC3 (β =0.11 (0.016)) was 

assocaited with decline in the procesing speed compound score, 

but in the fully adjusted model only total CC and CC3 remained 

significant.  

 

Is memory functions associated with annual change in CC size ?  

The association between CC measures and change in memory 

functions compound scores was non-significant. 

 

Is executive function associated with annual change in CC size ?  

The association between CC measures and change in execu-

tive functions compound scores, were non-significant. 

 

DISCUSSION 

 

The main findings of the studies presented here are that pos-

terior CC atrophy is involved in early AD, and is associated with 

progression to dementia. Moreover, CC atrophy is associated with 

cognitive decline in AD patients. In non-demented elderly sub-

jects with ARWMC, CC tissue loss assessed prospectively is associ-

ated with cognitive and motor decline.  

The following discussion will focus on these major findings. 

For further discussions of all the findings, please see the papers in 

the appendix. 

 

CC TISSUE LOSS IN DEMENTIA (STUDY I & II) 

In the studies presented here, we investigated several impor-

tant aspects related to CC atrophy and global cognitive decline, 

including dementia. We found that posterior CC atrophy was 

present in early stages of AD, independent of age, gender and 

ARWMC. A similar pattern was found in study II with annual tissue 

loss in the posterior CC being associated with progression to 

dementia over a 3-year follow-up period. The longitudinal find-

ings were independent of baseline MMSE, age, gender, progres-

sion of ARWMC, baseline medial temporal lobe atrophy, incident 

lacunes, and presence of diabetes. 

Our findings in AD patients is consistent with previous studies 

in mild to moderate AD in which involvement of the posterior CC, 

i.e. the splenium, either isloated [117,119] or concomitant with 

other subregions [118,120], has been reported. However, some 

studies have not found evidence of posterior CC atrophy, and 

indeed have found the CC unaffected in mild to moderate AD 

[79,142]. To our knowledge only one study has examined the CC 

in severe AD, and reported atrophy of anterior and posterior CC 

as well as the anterior part of the midbody [118]. In patients with 

Mild Cognitive Impairment, a condition which is thought to repre-

sent a pre-dementia stage of AD, the majority of studies 

[118,119,143,144], but not all [145–147], have found the CC to be 

unaffected. Although there is a scarcity of studies using homogen-

ious patient populations and results are not consistent, the find-

ings seem to indicate that CC atrophy is absent in the pre-

dementia stage, and first appears in mild AD, in the posterior CC. 

As the disease progresses, anterior CC is affected, and later the 

midbody. The present findings support such a model at least in 

regards to early stages of AD. Our population represented a com-

paratively homogenous group of AD patients regarding disease 

stage (MMSE>20) compared to other studies examining the CC, 

and therefore contributes with important data for the elucidation 

of CC atrophy in AD. Although we did not directly test this in the 

present study, such a model would indicate that CC atrophy is a 

relatively late occuring neuropathological event compared to e.g. 

hippocampal atrophy and deposition of beta-amyloid. 

Further elucidation of the temporal evolution of CC atrophy is 

encumbered by the dearth of longitudinal studies. To our knowl-

edge only one longitudinal study conducted in a small and het-

erogeneous, with regards to disease stage, group of patients with 

AD has been conducted [78]. In this study a higher rate, relative 

to healthy elderly controls, of tissue loss was found in anterior 

and posterior CC. We were able to examine whether annual 

tissue loss was associated with incident dementia in a cohort of 

elderly subjects with ARWMC who were free of dementia at 

baseline. We found that annual tissue loss in posterior CC was 
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indeed associated with incident dementia. This study, apart from 

being the first to examine the role of CC tissue loss in develop-

ment of dementia, further supports the notion that posterior CC 

is the first part of the CC to be affected by degenerative processes 

in dementia. However, due to the relatively low number of cases 

of incident dementia in the group, we did not examine the rate of 

CC atrophy in dementia patients according to specific dementia 

diagnoses, limiting the conclusions which may be drawn. The 

most prevalent dementia diagnosis was VaD (n=30), which was 

expected in the LADIS population since subjects were selected 

based on the presence of ARWMC, which are presumed to be due 

to vascular pathology. Only a small number of studies have inves-

tigated CC atrophy in VaD. The most consistent finding is atrophy 

in anterior CC, when compared to healthy controls [77,120–122]. 

However, when comparing AD and VaD patients there does not 

seem to be differences in CC atrophy in the anterior CC, indicating 

that the CC atrophy in VaD is generally less severe than in AD. In 

contrast, atrophy in posterior CC in AD patients have been re-

ported to be significantly greater compared to VaD, possibly 

indicating that CC atrophy is more pronounced in AD than VaD 

[77,121,122]. Therefore, one possible contributing factor to our 

findings may be that changes in AD patients in the CC is driving 

the difference between subjects in the LADIS cohort who pro-

gressed to dementia and those who did not, as opposed to those 

changes which are due to pathology associated with VaD. More-

over, since all subjects had significant vascular changes, any CC 

atrophy driven by vascular pathology may have been present in 

all subjects regardless of progression to dementia or not, and thus 

limiting the ability to detect changes in the CC due to vascular 

pathology.  

The functional relevance of CC atrophy in AD remains unde-

termined. To address this question, it may be of interest to look 

at possible underlying mechanisms of CC atrophy, and what puta-

tive consequences may come from loss of interhemispheric com-

munication. We therefore examined whether CC atrophy was 

correlated with ARWMC at baseline and MMSE score at baseline 

and 1-year follow-up in AD patients and non-demented elderly 

subjects. Several studies have investigated an association be-

tween CC atrophy and ARWMCs in AD patients, and have not 

found support for it [78,88,89]. Our study corroborates these 

findings and extend them by specifically establishing that ARWMC 

are not correlated with CC atrophy in mild AD, which has not 

been investigated previously. The finding that CC atrophy is not 

correlated with ARWMC in AD patients indicates that changes in 

the white matter is not the principle underlying mechanisms 

driving CC atrophy in AD. Surprisingly, we did also not find a cor-

relation between CC atrophy and ARWMC in the control group, 

since a previous study in the LADIS cohort has established an 

association between CC atrophy and ARWMCs [87].  

A second possible mechanism is that Wallerian degeneration, 

due to nerve cell body degeneration in the cortex, leads to cal-

losal atrophy in AD. We did not test this hypothesis in any of the 

present studies but in light of the finding of no association be-

tween ARWMCs and CC atrophy in AD patients, it is of interest to 

discuss other possible underlying mechanisms of action. The 

proposed temporal course of callosal atrophy, as outlined previ-

ously, is consistent with the spread of cortical atrophy in AD.  In 

early stages, temporal and parietal cortical areas are affected by 

atrophy which, through callosal projections, would give rise to 

posterior CC atrophy. As the disease progresses, frontal cortex is 

affected, which may lead to anterior CC atrophy [148]. However, 

this interpretation should be evaluated in light of the fact that the 

hippocampal commissure constitutes the only direct interhemi-

spheric connection from the hippocampus, which is the structure 

most severely and earliest affected by atrophy in AD. Using DW-

MRI, Di Paola et al [145] investigated whether Wallerian degen-

eration or demyeliniation may be responsible for CC atrophy in 

severe AD. Posterior atrophy was found to be due to Wallerian 

degeneration, whereas anterior CC atrophy was due to break-

down of myelin. Furthermore, posterior CC atrophy correlated 

with cortical grey matter atrophy, indicating that the observed 

Wallerian degeneration was due to cortical atrophy. Other studies 

have found similar associations, although some [149–151], but 

not all [123] have been less specific with regards to a direct asso-

ciation between callosal subregions and the associated cortical 

areas. In this light, the CC may serve as a surrogate marker for 

cortical atrophy, and may be of use for the clinician as a relatively 

accessable imaging biomarker.  

We found that the total CC, CC2 and CC5 was correlated with 

change in MMSE after 1 year in patients with AD. Several studies 

have investigated associations between cognitive function and CC 

size in AD patients in cross sectional studies. Results are conflict-

ing with some finding an association in anterior CC [88,152,153], 

midbody or posterior CC [78,154,155]. A few studies have investi-

gated associations between CC size and performance on specific 

cognitive domains. Tomaiuolo et al [154] assessed several do-

mains including visuo-spatial and working memory, language and 

delayed recall, and found no associations between any test scores 

and callosal atrophy. Similarly, Chaim et al [152] also did not find 

any association with CC size and delayed recall or episodic mem-

ory in AD patients. These findings seem to indicate that callosal 

atrophy in AD patients leads to global cognitive deficits. It may 

not be unreasonable to speculate that CC atrophy only has a 

modest detrimental effect even on global cognitive function, and 

possibly even more so on specific cognitive processes such as 

episodic memory. One notable exception may be executive func-

tion [156] which may affect global cognitive test scores but not 

memory and language, and thereby be the underlying cause of 

the effects on global cognitive function. 

 

CC TISSUE LOSS IN NON-DEMENTED ELDERLY SUBJECTS WITH 

ARWMC: RELATION TO COGNITION AND MOTOR FUNCTION 

(STUDY II & III) 

In the present studies, we addressed the functional impact of 

CC tissue loss in a large cohort of elderly dementia-free subjects. 

We found that callosal tissue loss is associated with decline in 

global cognitive function, processing speed and SLS but not other 

areas of cognitive and motor functions. The present study is to 

our knowledge the first study to examine the association in a 

longitudinal setting.  

Both a decline in processing speed and changes in white mat-

ter structure have been reported independently in old age, with 

the age-span trajectory being an inverted U for both [86,91]. 

Furthermore, cross-sectional studies in different populations have 

indicated that processing speed is reliant on white matter struc-

tures [157,158], including the CC as found in a previous study 

using cross-sectional data from the LADIS cohort [99]. Processing 

speed is often defined as the speed with which different cognitive 
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functions may be conducted [159]. It is therefore not surprising 

that changes in the white matter may affect the processing speed 

since the insulatory properties of myelin greatly influences the 

speed with which the action potential may be propagated. We 

found the association for anterior CC, which is especially suscep-

tible to age-related demyelination [23,27], as well as for the 

middle of the CC. It could therefore be speculated that myelin 

break-down resulting in CC tissue loss may be involved in our 

findings.  

We did not find an association between memory and execu-

tive function and CC tissue loss. This indicates a divergence in the 

reliance on the CC between on the one side processing speed, 

and memory and executive function on the other. As already 

noted, the hippocampus lacks commisural connections which run 

through the CC possibly explaining the lack of association to 

memory. However, this does not totally role out that some parts 

of the memory process depend on functions mediated through 

the CC, a suposition which is also warranted with respect to ex-

ecutive function. Indeed, processing speed has been postulated 

to be underlying other cognitive functions so that a possible 

association between for example executive function and the CC 

may in fact be mediated through processing speed [160]. How-

ever, is should be restated that in the present study, we did not 

find an association between CC tissue loss and executive function. 

Another possible explanation is that processing speed represents 

a measure which captures callosal functions better as opposed to 

e.g. executive function.  

A salient feature of subcortical ischemic VaD is decline in 

processing speed [161]. Subcortical ischemic vascular disease 

SIVD is a white matter disease of vascular origin which is charac-

terised by subtle vascular changes such as white matter changes 

and lacunar infarcts observable on CT or MRI, and the presence of 

cognitive and motor deficits. In a population such as the LADIS 

population the presence of SIVD is of relevance to take into con-

sideration when examining any relationship between brain struc-

tures and cognitive deficits [162]. Our findings of an association 

between anterior CC tissue loss and decline in processing speed 

was not independent of incident lacunes, baseline ARWMC and 

progression in ARWMC, whereas that for CC3 and total CC area 

was. Hence, the association may in part be mediated by the pres-

ence of SIVD. This is not surprising since ARWMCs have been 

shown to be associated with CC atrophy [87]. 

That an age-related decline in motor functioning occurs, have 

been established in numerous studies. The underlying mecha-

nisms is most likely multifactorial including peripherial, such as 

muscle weakness, changes in sensory and proprioceptive nerves, 

and central mechanisms, such as atrophy of brain regions in-

volved in motor functions, and vascular changes [97,110]. We 

investigated the association between several different measures 

of motor function and CC tissue loss, and found that SLS but not 

SPBB score, walking speed or history of falls was associated with 

CC tissue loss. Specifically, we found that tissue loss in CC1, CC3 

and CC5 was associated with a pathological score on the SLS. SLS 

is primarily a measure of balance [139], wereas SPPB to a higher 

degree reflects lower extremity strength [163]. As mentioned 

earlier, data from callosal agenesis and sectioning of the CC has 

highlighted especially bimanual tasks as being reliant on an intact 

CC [42,64]. However, recent studies within the last couple of 

years combining several different imaging modalities, neuropsy-

chological testing and TMS to further elucidate the role of the CC 

in motor function [37,111,112]. Collectively, the studies indicate 

that the structural integrity, both in terms of microstructural 

properties of the tissue as well as CC size, modulate interhemi-

spheric inhibition in relation to simple motor tasks, or in relation 

to spontaneous motor activity. Interhemispheric inhibition may 

be important for inhibition of mirror activation of the contralat-

eral limb not involved in a given motor task, which may be espe-

cially important when maintaing balance [109]. Wahl et al [37], in 

a study of interhemispheric inhibition, mapped the somatotopic 

projections of the hand and foot in the CC, and found that they 

map approximately to the mid and posterior part of the midbody. 

This corresponds roughly to CC3 and CC4, and may explain the 

association between tissue loss in CC3 and decline in SLS in the 

present study. 

Moreover, several studies have indicated that the cognitive 

contribution to motor tasks increases with age as motor tasks are 

progressively less reliant on internal automatic movement gen-

eration [110]. Together with the increased cognitive contribution 

is also a more wide-spread activation of cortical areas when com-

plex movements are carried out by elderly persons [106]. This 

may make certain complex motor functions, such as balance 

more vulnerable to changes in the anterior CC, which we also 

found evidence for in the present study.  

Previous studies based on the LADIS cohort have investigated 

the cross-sectional association between different motor scores 

and CC atrophy [98] as well as the value of baseline CC atrophy in 

predicting decline on motor function [97]. However, only SPPB 

and walking speed were investigated in these studies. For both 

cross-sectional associations and predictive value of baseline CC 

area, an association was found for SPPB and walking speed, which 

is contrary to the findings in the present study. This may be due 

to differences in analysis, since in the present study, we chose to 

dichotomize the motor scores into pathological or physiological 

scores, or may reflect underlying biological aspects of the associa-

tion of the CC and motor functions. 

 

STRENGHTS & LIMITATIONS 

 

The three studies presented in this thesis have different 

strengths and weaknesses. In the following, these will be pre-

sented with sections pertaining to strengths and weaknesses of 

the individual studies followed by sections which will present 

those that the studies may share. 

In study I we were able to include a relatively homogeneious 

group of AD patients, which allowed for the exploration of CC 

atrophy in early stages in AD. The control group were dementia-

free elderly subjects either referred to a memory clinic with minor 

complaints or healthy volunteers, and thus does not represent 

the general population. The AD and control group had ARWMC, a 

common finding in both populations, which may have influenced 

the size of the CC. However, there was no significant difference 

between the 2 groups in ARWMC score, and the scores were 

included as covariates in multivariable analysis.  If a sample from 

a general elderly population would have been used, which pre-

sumably would have had a smaller incidence of ARWMC, it is 

possible that the relative difference in CC size would have been 

larger. Therefore, the reported difference in CC size in study I may 

be an underestimation. On the other hand, since ARWMC score 
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was not significantly different between the two groups, and since 

ARWMC is prevalent in AD patients, the control group may have 

yielded a more specific estimate of the CC atrophy which is due to 

AD specific pathology. 

The strengths of study II and III include a very large sample 

size which has been well characterised clinically as well as imaging 

wise. Therefore, the study has a relatively high power and we 

were able to include relevant clinical and imaging biomarkers as 

covariates in the analysis. However, since subjects enrolled in the 

LADIS study all had ARWMC, the findings may not be applicable to 

a general population, but rather primarily apply to elderly popula-

tions with similar imaging-findings. Moreover, the longitudinal 

design of the study enabled the exploration of callosal tissue loss 

in subjects with ARWMC as well as exploring associations with 

cognitive and motor decline. Study II and III are, to our knowledge 

the first studies to do so. However, for study II it was a limitation 

that we were not able to examine how tissue loss was related to 

progression to specific subtypes of dementia diseases due to the 

relatively small number of subjects progressing. In study III, we 

were able to calculate composite score using test scores from 

several tests. This may be a more reliable method for quantifying 

the cognitive domains than the use of scores from a single test. 

However, a limitation of both the cognitive and motor tests are 

that they were not specifically designed to test functions which 

are thought to be reliant on the CC. The use of for example a test 

of bimanual abilities may have been more appropriate for estab-

lishing the role of the CC in motor functions in this age group. 

Indeed, the LADIS study, from which data for all three studies 

were used, was not specifically designed to study the CC. Due to 

the multicenter design of the LADIS different models of MR scan-

ners were used with field strengths ranging from 0.5 – 1.5 T, 

which may have introduced confounding variance in measures of 

the CC. However, the use of phantoms helped to reduce inter 

scanner variability, and previous investigations have found that it 

is possible to combine morphometric data of the CC across differ-

ent field strengths and scanner sequences [164]. Moreover, a 

flexible CC segmentation method was developed specifically for a 

multicenter setting, which has been applied several times in the 

LADIS study cohort [87,97,98,165]. Regarding the Witelson parti-

tioning scheme, which was used for the present study, it should 

be considered whether this is the optimal solution given recent 

findings from DWI studies using tractography questioning the 

previously assumed somatotopy of the CC [166]. As previously 

stated, the Witelson partitioning scheme may not accurately 

correspond to the cortical areas from which the CC receives pro-

jections. However, the partitioning scheme is based on postmor-

tem examination, and tractography is still a technique which 

needs validaton from tracer studies. Moreover, tractography 

studies have also indicated that the interindividual variability is 

very high for the somatotropic organisation of the CC [54,166], 

and it has been suggested that this variability should lead to 

individual mapping of study participants CC prior to studying the 

CC [167]. 

We measured the area of the CC on the midsagittal slice. This 

measure has been used in numerous studies, and several post-

mortem examinations have found that this correlates with the 

number of axons in the CC [40,72,168]. However, future studies 

should consider using the parasagittal slices in conjunction with 

the midsagittal slice, which a recent study showed would reduce 

variability of area measures [169]. Moreover, although the CC is a 

3 dimensional structure, it is to the best of our knowledge at 

present not possible to measure the volume of the CC due to its 

anatomy. When considering this, it is not unreasonable to assume 

that the area of the CC is the most optimal way of quantifying the 

CC. 

CONCLUSION & PERSPECTIVES 

 

As seen from the results presented in the thesis, the CC may 

play a role in dementia and age-related decline in cognitive and 

motor function. In patients with AD, we found atrophy of the 

posterior CC, and that the area correlated with cognitive decline 

over one year. We found that tissue-loss in this part of the CC also 

predicted progression to dementia over 3 years in subjects with 

ARWMC. Furthermore, tissue loss in these subjects was associ-

ated with processing speed, global cognitve function and motor 

function. However, the findings in the present studies should be 

regarded as exploratory, and the results need validation in further 

studies. 

Regarding the role of the CC in dementia, the present study 

supports a model of CC atrophy in which changes in posterior CC 

are the first changes to be observed in the CC. However, based on 

findings from other studies, changes in the CC are most likely 

relatively late occuring events in the pathophysiological cascade 

in AD, compared to other structural changes such as hippocampal 

atrophy. Studies using DW-MRI may be able to detect microstruc-

tural changes in the CC, which precluded the macrostructural 

changes examined in these studies. We confirmed previous find-

ings that CC atrophy is not associated with ARWMC in AD pa-

tients. Further imaging studies examining the association be-

tween CC atrophy, cortical atrophy and beta-amyloid are needed 

to further elucidate the underlying mechanisms behind CC atropy. 

We presented the first longitudinal studies examining the 

functional consequences of CC tissue loss measured over a period 

of 3 years in a large cohort of dementia-free elderly subjects with 

ARWMC. The findings establish that the CC plays a role in the age-

related changes that occur regarding cognitive and motor func-

tion.  

In conclusion, the findings underscore the relevance of the CC 

for different cognitive and motor functions in the aging brain and 

in dementia. Further studies are needed to confirm the findings 

presented herein, and new studies should aim at elucidating 

further the underlying mechanisms of changes in the CC. This 

includes the use of DW-MRI, as well as neuropsychological and 

motor tests specifically designed to assess functions related to 

the CC. Furthermore, the use of CC area measures as a biomarker 

in neurodegenerative dementias needs to be assessed. 

 

SUMMARY 
 

The overarching objective of the thesis was to investigate the 

morphological changes in the corpus callosum (CC) in aging and 

dementia in relation to its role in cognitive and motor decline. 

The CC is the largest white matter tract in the brain, containing 

upwards of 200 million axons, and is believed important for 

communication and interaction between the two cerebral hemi-

spheres. Historically, the role of white matter, including the CC, in 

relation to cognitive function has often been eclipsed by the 
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predominance of the cortex, and led to a ”corticocentric” view of 

the brain and cognitive function. However, from the 1960s and 

onwards, the role of lesions in the white matter in the ap-

pearence of cognitive deficits and diseases such as dementia has 

become increasingly evident. 

Many studies have indicated that AD is associated with CC atro-

phy, but the precise pattern of subregional CC atrophy in difffer-

ent disease stages remains undetermined. In study I, we establish 

that atrophy is present primarily in the posterior CC early in AD, 

and that atrophy of the CC is associated with faster disease pro-

gression. This finding supports a model where posterior atrophy is 

the earliest changes in the CC in AD patients, with atrophy of 

anterior CC being a later pathological event. To further elucidate 

the role of CC atrophy in dementia, we examined a population of 

329 elderly subjects, and found that a higher rate of tissue loss in 

posterior CC is associated with an increased risk of dementia. This 

study represents the first to examine CC in elderly subjects longi-

tudinally. In the same cohort, we investigated whether impair-

ment in specific cognitive domains were associated with CC tissue 

loss. Previous studies had shown that processing speed and ex-

ecutive functions may be particularly reliant on the CC. Our find-

ings indicated that CC tissue loss leads to selective impairment of 

processing speed but not memory or executive function deficits. 

Finally, CC tissue loss was also associated with impairment of 

motor function. 

Overall, the present findings confirms and extends the role of the 

CC in dementia and age-associated cognitive and motor deficits.  

 

REFERENCES 

 

1. Catani M, Ffytche DH. The rises and falls of disconnec-

tion syndromes. Cortex. 2005;128(10):2224–39.  

2. Broca P. Nouvelle observation d’aphémie produite par 

une lésion de la troisième circonvolution frontale. Bulle-

tins de la Société d’anatomie (Paris). 1861;2:398–407.  

3. Filley CM. White matter: organization and functional 

relevance. Neuropsychol Rev. 2010;20(2):158–73.  

4. Voneida T. Biographical memoirs, Roger Wolcott Sperry. 

National Academy of Sciences. 1994;  

5. Wernicke C. Der aphasische Symptomencomplex. Tase-

hen, Breslau; 1874.  

6. Catani M, Mesulam M. What is a disconnection syn-

drome? Cortex. 2008;44(8):911–3.  

7. Liepmann H. Uber die agnostischen Storungen. Neu-

rologisches Centralblatt. 1908;13:609–17.  

8. Goldstein K. Language and language disturbances: apha-

sic symptom complexes and their significance for medi-

cine and theory of language. New York: Grune & Strat-

ton; 1948.  

9. Dejerine J. Contribution à l’étude anatomo-

pathologique et clinique des différentes variétés de cé-

cité verbale. Mémoires de la Société de Biologie. 

1892;4:61–90.  

10. Lashley K. Brain mechanisms and intelligence. Chicago: 

Univ of Chicago Press; 1929.  

11. Bassett DS, Bullmore ET. Human brain networks in 

health and disease. Curr Opin Neurol. 2009;22(4):340–

7.  

12. Geschwind N. Disconnexion syndromes in animals and 

man. I. Brain. 1965;88(2):237–94.  

13. Geschwind N. Disconnexion syndromes in animals and 

man. II. Brain. 1965;88(3):585–644.  

14. Flechsig P. Developmental (myelogenetic) localisation of 

the cerebral cortex in the human subject. Lancet. 

1901;2:1027–9.  

15. Absher JR, Benson DF. Disconnection syndromes: an 

overview of Geschwind’s contributions. Neurology. 

1993;43(5):862–7.  

16. Mesulam MM. From sensation to cognition. Brain. 

1998;121(6):1013–52.  

17. Mesulam MM. Large-scale neurocognitive networks and 

distributed processing for attention, language, and 

memory. Ann Neurol. 1990;28(5):597–613.  

18. Filley CM. White matter dementia. Ther Adv Neurol Di-

sord. 2012;5(5):267–77.  

19. Sexton CE, Kalu UG, Filippini N, Mackay CE, Ebmeier KP. 

A meta-analysis of diffusion tensor imaging in mild cog-

nitive impairment and Alzheimer’s disease. Neurobiol 

Aging. 2011;32(12):2322.e5–18.  

20. Miller A, Alston R, Corsellis J. Variation with age in the 

volumes of grey and white matter in the cerebral hemi-

spheres of man: measurements with an image analyzer. 

Neuropathol Appl Neurobiol. 1980;6:119–32.  

21. Felts P, Baker T, Smith KJ. Conduction in segmentally 

demyelinated mammalian central axons. J Neurosci. 

1997;17:7267–77.  

22. Paus T. Mapping brain maturation and cognitive devel-

opment during adolescence. Trends Cogn Sci. 

2005;9(2):60–8.  

23. Kochunov P, Glahn DC, Lancaster J, Thompson PM, Ko-

chunov V, Rogers B, et al. Fractional anisotropy of cere-

bral white matter and thickness of cortical gray matter 

across the lifespan. NeuroImage. 2011;58(1):41–9.  

24. Catani M, Thiebaut de Schotten M. A diffusion tensor 

imaging tractography atlas for virtual in vivo dissections. 

Cortex. 2008;44(8):1105–32.  

25. Nonaka H, Akima M, Hatori T, Nagayama T, Zhang Z, 

Ihara F. The microvasculature of the cerebral white mat-

ter: arteries of the subcortical white matter. J Neuro-

pathol Exp Neurol. 2003;62(2):154–61.  

26. Pantoni L, Garcia JH. Pathogenesis of leukoaraiosis: a re-

view. Stroke. 1997;28(3):652–9.  

27. Filley C. The behavioural neurology of white matter. 1st 

ed. Oxford: Oxford University Press; 2001.  

28. Fazekas F, Chawluk JB, Alavi A, Hurtig HI, Zimmerman 

RA. MR signal abnormalities at 1.5 T in Alzheimer’s de-

mentia and normal aging. Am Roentgen Ray Soc. 

1987;149(2):351–6.  

29. Group LS. 2001–2011: a decade of the LADIS (Leu-

koaraiosis And DISability) Study: what have we learned 

about white matter changes and small-vessel disease? 

Cerebrovasc Dis. 2011;32(6):577–88.  

30. Thies W, Bleiler L. 2011 Alzheimer’s disease facts and 

figures. Alzheimers Dement. 2011;7(2):208–44.  

31. Lobo A, Launer LJ, Fratiglioni L, Andersen K, Di Carlo A, 

Breteler MM, et al. Prevalence of dementia and major 

subtypes in Europe: A collaborative study of population-



 DANISH MEDICAL JOURNAL   17 

 

 

 

 

based cohorts. Neurologic Diseases in the Elderly Re-

search Group. Neurology. 2000;54(11 Suppl 5):S4–9.  

32. Jack CR, Knopman DS, Jagust WJ, Shaw LM, Aisen PS, 

Weiner MW, et al. Hypothetical model of dynamic bio-

markers of the Alzheimer’s pathological cascade. Lancet 

neurol. 2010;9(1):119–28.  

33. Román GC, Tatemichi TK, Erkinjuntti T, Cummings JL, 

Masdeu JC, Garcia JH, et al. Vascular dementia: diagnos-

tic criteria for research studies. Report of the NINDS-

AIREN International Workshop. Neurology. 

1993;43(2):250–60.  

34. Fitsiori A, Nguyen D, Karentzos A, Delavelle J, Vargas MI. 

The corpus callosum: white matter or terra incognita. Br 

J Radiol. 2011;84(997):5–18.  

35. Fame RM, MacDonald JL, Macklis JD. Development, 

specification, and diversity of callosal projection neu-

rons. Trend Neurosci. 2011;34(1):41–50.  

36. Jarbo K, Verstynen T, Schneider W. In vivo quantification 

of global connectivity in the human corpus callosum. 

NeuroImage. 2012;59(3):1988–96.  

37. Wahl M, Strominger Z, Jeremy RJ, Barkovich AJ, Wakahi-

ro M, Sherr EH, et al. Variability of homotopic and het-

erotopic callosal connectivity in partial agenesis of the 

corpus callosum: a 3T diffusion tensor imaging and Q-

ball tractography study. AJNR Am J Neuroradiol. 

2009;30(2):282–9.  

38. Chrysikopoulos H, Andreou J, Roussakis A, Pappas J. In-

farction of the corpus callosum: computed tomography 

and magnetic resonance imaging. Eur J Radiol. 

1997;25(1):2–8.  

39. Türe U, Yasargil M, Krisht A. The Arteries of the Corpus 

Callosum: A Microsurgical Anatomic Study. Neurosurge-

ry. 1996;39(6):1075–85.  

40. Aboitiz F, Scheibel AB, Fisher RS, Zaidel E. Fiber compo-

sition of the human corpus callosum. Science. 

1992;598:143–53.  

41. Bloom JS, Hynd GW. The role of the corpus callosum in 

interhemispheric transfer of information: excitation or 

inhibition? Neuropsychol Rev. 2005;15(2):59–71.  

42. Gazzaniga MS. Forty-five years of split-brain research 

and still going strong. Nat Rev Neurosci. 2005;6(8):653–

9.  

43. Cook ND. Homotopic callosal inhibition. Brain and lan-

guage. 1984;23(1):116–25.  

44. Tomasch J. Size, distribution, and number of fibers in 

the human corpus callosum. Anat Rec. 1954;119:119–

35.  

45. Westerhausen R, Kreuder F, Woerner W, Huster RJ, Smit 

CM, Schweiger E, et al. Interhemispheric transfer time 

and structural properties of the corpus callosum. Neu-

rosci lett. 2006;409(2):140–5.  

46. Westerhausen R, Hugdahl K. The corpus callosum in di-

chotic listening studies of hemispheric asymmetry: a re-

view of clinical and experimental evidence. Neurosci 

Biobehav Rev. 2008;32(5):1044–54.  

47. Voineskos AN, Farzan F, Barr MS, Lobaugh NJ, Mulsant 

BH, Chen R, et al. The role of the corpus callosum in 

transcranial magnetic stimulation induced interhemi-

spheric signal propagation. Biol Psych. Society of Biol 

Psychiatry. 2010;68(9):825–31.  

48. Nowicka A, Tacikowski P. Transcallosal transfer of in-

formation and functional asymmetry of the human 

brain. Laterality. 2011;16(1):35–74.  

49. Park H-J, Kim JJ, Lee S-K, Seok JH, Chun J, Kim DI, et al. 

Corpus callosal connection mapping using cortical gray 

matter parcellation and DT-MRI. Hum Brain Mapp. 

2008;29(5):503–16.  

50. Zarei M, Johansen-Berg H, Smith S, Ciccarelli O, Thomp-

son AJ, Matthews PM. Functional anatomy of inter-

hemispheric cortical connections in the human brain. J 

Anat. 2006;209(3):311–20.  

51. Aboitiz F, Montiel J. One hundred million years of inter-

hemispheric communication: the history of the corpus 

callosum. Braz J Med Biol Res. 2003;36(4):409–20.  

52. Johansen-Berg H, Behrens TE. Diffusion MRI: From 

quantitative measurement to in vivo neuroanatomy. 1st 

ed. Johansen-Berg H, Behrens TE, editors. London: El-

sevier; 2009:338–44.  

53. Huang H, Zhang J, Jiang H, Wakana S, Poetscher L, Miller 

MI, et al. DTI tractography based parcellation of white 

matter: application to the mid-sagittal morphology of 

corpus callosum. NeuroImage. 2005;26(1):195–205.  

54. Chao Y-P, Cho K-H, Yeh C-H, Chou K-H, Chen J-H, Lin C-P. 

Probabilistic topography of human corpus callosum us-

ing cytoarchitectural parcellation and high angular reso-

lution diffusion imaging tractography. Hum Brain Mapp. 

2009;30(10):3172–87.  

55. Zaidel D, Sperry RW. Memory impairment after commis-

surotomy in man. Brain. 1974;97(2):263–72.  

56. Gazzaniga MS. Cerebral specialization and interhemi-

spheric communication: does the corpus callosum en-

able the human condition? Brain. 2000;123(Pt 7):1293–

326.  

57. Devinsky O, Laff R. Callosal lesions and behavior: history 

and modern concepts. Epilepsy Behav. 2003;4(6):607–

17.  

58. Funnell MG, Corballis PM, Gazzaniga MS. Cortical and 

subcortical interhemispheric interactions following par-

tial and complete callosotomy. Arch Neurol. 

2000;57(2):185–9.  

59. Ellenberg L, Sperry R. Capacity for holding sustained at-

tention following commissurotomy. Cortex. 

1979;15:421–38.  

60. Dimond S. Depletion of attentional capacity after total 

commissurotomy in man. Brain. 1976;99:347–56.  

61. David, A. S., Wacharasindhu, A. & Lishman WA. Severe 

psychiatric disturbance and abnormalities of the corpus 

callosum: Review and case series. J Neurol Neurosurg 

Psychiatr. 1993;56:85–93.  

62. Damasio, A., Damasio H. Hemianopia, hemiachromatop-

sia and the mechanisms of alexia. Cortex. 1986;22:161–

9.  

63. Aralasmak A, Ulmer JL, Kocak M, Salvan C V, Hillis AE, 

Yousem DM. Association, commissural, and projection 

pathways and their functional deficit reported in litera-

ture. J Comp Assist Tomog. 2006;30(5):695–715.  



 DANISH MEDICAL JOURNAL   18 

 

 

 

 

64. Paul LK, Brown WS, Adolphs R, Tyszka JM, Richards LJ, 

Mukherjee P, et al. Agenesis of the corpus callosum: ge-

netic, developmental and functional aspects of connec-

tivity. Nat Rev Neurosci. 2007;8(4):287–99.  

65. Caille S, Sauerwein H, Schiavetto A, Villemure J, Las-

sonde M. Sensory and motor interhemispheric integra-

tion after section of different portions of the anterior 

corpus callosum in nonepileptic patients. Neurosurgery. 

2005;57:50–9.  

66. Wiesendanger M, Serrien DJ. The quest to understand 

bimanual coordination. Prog Brain Res. 2004;143:491–

505.  

67. Jeeves M, Silver P, Jacobson I. Bimanual co-ordination in 

callosal agenesis and partial commissurotomy. Neurop-

sychologia. 1988;26:833–50.  

68. Preilowski B. Possible contribution of the anterior fore-

brain com- missures to bilateral motor coordination. 

Neuropsychologia. 1972;10:267–77.  

69. Moes P, Schilmoeller K, Schilmoeller G. Physical, motor, 

sensory and developmental features associated with 

agenesis of the corpus callosum. Child Care Health Dev. 

2009;35(5):656–72.  

70. Wolman D. The split brain: a tale of two halves. Nature. 

2012;483(7389):260–3.  

71. Aboitiz F, Scheibel AB, Fisher RS, Zaidel E. Individual dif-

ferences in brain asymmetries and fiber composition in 

the human corpus callosum. Brain research. 

1992;598(1-2):154–61.  

72. Riise J, Pakkenberg B. Stereological estimation of the to-

tal number of myelinated callosal fibers in human sub-

jects. J Anat. 2011;218(3):277–84.  

73. Hou J, Pakkenberg B. Age-related degeneration of cor-

pus callosum in the 90ϩ years measured with stereol-

ogy. Neurobiol Aging. 2012;33(5):1009.e1–1009.e9.  

74. La Mantia A, Rakic P. Cytological and quantitative char-

acteristics of four cerebral commissures in the rhesus 

monkey. J Comp Neurol. 1990;291:520–37.  

75. Witelson SF. Hand and sex differences in the isthmus 

and genu of the human corpus callosum. A postmortem 

morphological study. Brain. 1989;112 (Pt 3):799–835.  

76. Yamauchi H. Comparison of the pattern of atrophy of 

the corpus callosum in frontotemporal dementia, pro-

gressive supranuclear palsy, and Alzheimer’s disease. J 

Neurol Neurosurg Psychiatr. 2000;69(5):623–9.  

77. Hallam BJ, Brown WS, Ross C, Buckwalter JG, Bigler ED, 

Tschanz JT, et al. Regional atrophy of the corpus callo-

sum in dementia. J Int Neuropsychol Soc. 

2008;14(3):414–23.  

78. Teipel SJ, Bayer W, Alexander GE, Zebuhr Y, Teichberg D, 

Kulic L, et al. Progression of corpus callosum atrophy in 

Alzheimer disease. Arch Neurol. 2002;59(2):243–8.  

79. Hensel A, Wolf H, Kruggel F, Riedel-Heller SG, Nikolaus 

C, Arendt T, et al. Morphometry of the corpus callosum 

in patients with questionable and mild dementia. J Neu-

rol Neurosurg Psychiatr. 2002;73(1):59–61.  

80. Takeda S, Hirashima Y, Ikeda H, Yamamoto H, Sugino M, 

Endo S. Determination of indices of the corpus callosum 

associated with normal aging in Japanese individuals. 

Neuroradiol. 2003;45(8):513–8.  

81. Tate DF, Sampat M, Harezlak J, Fiecas M, Hogan J, De-

wey J, et al. Regional areas and widths of the midsagit-

tal corpus callosum among HIV-infected patients on 

stable antiretroviral therapies. J Neurovirol. 

2011;17(4):368–79.  

82. Peterson BS, Feineigle P, Staib LH, Gore JC. Automated 

measurement of latent morphological features in the 

human corpus callosum. Hum Brain Mapp. 

2001;12(4):232–45.  

83. Ota M, Obata T, Akine Y, Ito H, Ikehira H, Asada T, et al. 

Age-related degeneration of corpus callosum measured 

with diffusion tensor imaging. NeuroImage. 

2006;31(4):1445–52.  

84. Chen T-F, Lin C-C, Chen Y-F, Liu H-M, Hua M-S, Huang Y-

C, et al. Diffusion tensor changes in patients with amne-

sic mild cognitive impairment and various dementias. 

Psychiatry Res. 2009;173(1):15–21.  

85. Doraiswamy PM, Figiel GS, Husain MM, McDonald WM, 

Shah SA, Boyko OB, et al. Aging of the human corpus 

callosum: magnetic resonance imaging in normal volun-

teers. J Neuropsychiatry Clin Neurosci. 1991;3(4):392–7.  

86. Bartzokis G, Sultzer D, Lu PH, Nuechterlein KH, Mintz J, 

Cummings JL. Heterogeneous age-related breakdown of 

white matter structural integrity: implications for corti-

cal “disconnection” in aging and Alzheimer’s disease. 

Neurobiol Aging. 2004;25(7):843–51.  

87. Ryberg C, Rostrup E, Sjöstrand K, Paulson OB, Barkhof F, 

Scheltens P, et al. White matter changes contribute to 

corpus callosum atrophy in the elderly: the LADIS study. 

AJNR Am J Neuroradiol. 2008;29(8):1498–504.  

88. Teipel SJ, Hampel H, Alexander GE, Schapiro MB, Hor-

witz B, Teichberg D, et al. Dissociation between corpus 

callosum atrophy and white matter pathology in Alz-

heimer’s disease. Neurology. 1998;51(5):1381–5.  

89. Hampel H, Teipel SJ, Alexander GE, Horwitz B, Teichberg 

D, Schapiro MB, et al. Corpus callosum atrophy is a pos-

sible indicator of region- and cell type-specific neuronal 

degeneration in Alzheimer disease: a magnetic reso-

nance imaging analysis. Arch Neurol. 1998;55(2):193–8.  

90. Fabri M, Polonara G, Mascioli G, Salvolini U, Manzoni T. 

Topographical organization of human corpus callosum: 

an fMRI mapping study. Brain Res. 2011;1370:99–111.  

91. McLaughlin NCR, Paul RH, Grieve SM, Williams LM, Laid-

law D, DiCarlo M, et al. Diffusion tensor imaging of the 

corpus callosum: a cross-sectional study across the life-

span. Int J Dev Neurosci. 2007;25(4):215–21.  

92. Michielse S, Coupland N, Camicioli R, Carter R, Seres P, 

Sabino J, et al. Selective effects of aging on brain white 

matter microstructure: a diffusion tensor imaging trac-

tography study. NeuroImage. 2010;52(4):1190–201.  

93. Davis SW, Dennis NA, Buchler NG, White LE, Madden DJ, 

Cabeza R. Assessing the effects of age on long white 

matter tracts using diffusion tensor tractography. Neu-

roImage. 2009;46(2):530–41.  

94. Sullivan E V, Rohlfing T, Pfefferbaum A. Longitudinal 

study of callosal microstructure in the normal adult ag-

ing brain using quantitative DTI fiber tracking. Dev Neu-

ropsychol. 2010;35(3):233–56.  



 DANISH MEDICAL JOURNAL   19 

 

 

 

 

95. Aboitiz F, Scheibel AB, Zaidel E. Morphometry of the 

Sylvian fissure and the corpus callosum, with emphasis 

on sex differences. Brain. 1992;115:1521–41.  

96. Yamauchi H, Fukuyama H, Ogawa M, Ouchi Y, Kimura J. 

Callosal atrophy in patients with lacunar infarction and 

extensive leukoaraiosis. An indicator of cognitive im-

pairment. Stroke. 1994;25(9):1788–93.  

97. Ryberg C, Rostrup E, Paulson OB, Barkhof F, Scheltens P, 

Van Straaten ECW, et al. Corpus callosum atrophy as a 

predictor of age-related cognitive and motor impair-

ment: a 3-year follow-up of the LADIS study cohort. J 

Neurol Sci. 2011;307(1-2):100–5.  

98. Ryberg C, Rostrup E, Stegmann MB, Barkhof F, Scheltens 

P, Van Straaten ECW, et al. Clinical significance of cor-

pus callosum atrophy in a mixed elderly population. 

Neurobiol Aging. 2007;28(6):955–63.  

99. Jokinen H, Ryberg C, Kalska H, Ylikoski R, Rostrup E, 

Stegmann MB, et al. Corpus callosum atrophy is associ-

ated with mental slowing and executive deficits in sub-

jects with age-related white matter hyperintensities: 

the LADIS Study. J Neurol Neurosurg Psychiatr. 

2007;78(5):491–6.  

100. Zahr NM, Rohlfing T, Pfefferbaum A, Sullivan EV. Prob-

lem solving, working memory, and motor correlates of 

association and commissural fiber bundles in normal ag-

ing: a quantitative fiber tracking study. NeuroImage. 

2009;44(3):1050–62.  

101. Fling BW, Chapekis M, Reuter-Lorenz PA, Anguera J, Bo 

J, Langan J, et al. Age differences in callosal contribu-

tions to cognitive processes. Neuropsychologia. 

2011;49(9):2564–9.  

102. Sullivan E V, Rohlfing T, Pfefferbaum A. Quantitative fi-

ber tracking of lateral and interhemispheric white mat-

ter systems in normal aging: relations to timed per-

formance. Neurobiol Aging. 2010;31(3):464–81.  

103. Kennedy KM, Raz N. Aging white matter and cognition: 

differential effects of regional variations in diffusion 

properties on memory, executive functions, and speed. 

Neuropsychologia. 2009;47(3):916–27.  

104. Cabeza R, Anderson ND, Locantore JK, McIntosh AR. Ag-

ing Gracefully: Compensatory Brain Activity in High-

Performing Older Adults. NeuroImage. 

2002;17(3):1394–402.  

105. Cabeza R. Hemispheric asymmetry reduction in older 

adults: the HAROLD model. Psychol Aging. 

2002;17(1):85–100.  

106. Langan J, Peltier SJ, Bo J, Fling BW, Welsh RC, Seidler RD. 

Functional implications of age differences in motor sys-

tem connectivity. Front Syst Neurosci. 2010;4:1–11.  

107. Persson J, Nyberg L, Lind J, Larsson A, Nilsson L-G, Ingvar 

M, et al. Structure-function correlates of cognitive de-

cline in aging. Cereb Cortex. 2006;16(7):907–15.  

108. Dolcos F, Rice HJ, Cabeza R. Hemispheric asymmetry and 

aging: right hemisphere decline or asymmetry reduc-

tion. Neurosci Biobehav Rev. 2002;26(7):819–25.  

109. Galléa C, Popa T, Billot S, Méneret A, Depienne C, Roze 

E. Congenital mirror movements: a clue to understand-

ing bimanual motor control. J Neurol. 

2011;258(11):1911–9.  

110. Seidler RD, Bernard JA, Burutolu TB, Fling BW, Gordon 

MT, Gwin JT, et al. Motor control and aging: links to 

age-related brain structural, functional, and biochemical 

effects. Neurosci Biobehav Rev. 2010;34(5):721–33.  

111. Perez M, Cohen LG. Interhemispheric inhibition be-

tween primary motor cortices: what have we learned? J 

Physiol. 2009;587(Pt 4):725–6.  

112. Hübers A, Orekhov Y, Ziemann U. Interhemispheric mo-

tor inhibition: its role in controlling electromyographic 

mirror activity. Eur J Neurosci. 2008;28(2):364–71.  

113. Tomimoto H, Lin J-X, Matsuo A, Ihara M, Ohtani R, Shi-

bata M, et al. Different mechanisms of corpus callosum 

atrophy in Alzheimer’s disease and vascular dementia. J 

Neurol. 2004;251(4):398–406.  

114. Filippini N, Douaud G, Mackay CE, Knight S, Talbot K, 

Turner MR. Corpus callosum involvement is a consistent 

feature of amyotrophic lateral sclerosis. Neurology. 

2010;75(18):1645–52.  

115. Wiltshire K, Concha L, Gee M, Bouchard T, Beaulieu C, 

Camicioli R. Corpus Callosum and Cingulum Tractogra-

phy in Parkinson’ s Disease. Can J Neurol Sci. 

2010;37:595–600.  

116. Wiltshire K, Foster S, Kaye JA, Small BJ, Camicioli R. Cor-

pus callosum in neurodegenerative diseases: findings in 

Parkinson’s disease. Dement Geriatr Cogn Disord. 

2005;20(6):345–51.  

117. Teipel S, Bayer W, Alexander G, Bokde A, Zebuhr Y, 

Teichberg D, et al. Regional pattern of hippocampus and 

corpus callosum atrophy in Alzheimer’s disease in rela-

tion to dementia severity: evidence for early neocortical 

degeneration. Neurobiol Aging. 2003;24(1):85–94.  

118. Di Paola M, Luders E, Di Iulio F, Cherubini A, Passafiume 

D, Thompson PM, et al. Callosal atrophy in mild cogni-

tive impairment and Alzheimer’s disease: different ef-

fects in different stages. NeuroImage. 2010;49(1):141–

9.  

119. Wang PJ, Saykin AJ, Flashman L, Wishart H, Rabin L, San-

tulli RB, et al. Regionally specific atrophy of the corpus 

callosum in AD, MCI and cognitive complaints. Neuro-

biol Aging. 2006;27(11):1613–7.  

120. Lyoo IK, Satlin A, Lee CK, Renshaw PF. Regional atrophy 

of the corpus callosum in subjects with Alzheimer’s dis-

ease and multi-infarct dementia. Psychiatry Res. 

1997;74(2):63–72.  

121. Pantel J, Schröoder J, Essig M, Minakaran R, Schad L, 

Friedlinger M, et al. Corpus callosum in Alzheimers dise-

ans and vascular dementia - a quantitatie agnetic reso-

nance study. J Neural Transm. 1998;54:129-36 

122. Möller T, Born C, Reiser MF, Möller H-J, Hampel H, Tei-

pel SJ. [Alzheimer’s disease and vascular dementia. De-

termination of atrophy of the corpus callosum and 

cerebral cortex]. Der Nervenarzt. 2009;80(1):54–61.  

123. Lee DY, Fletcher E, Martinez O, Zozulya N, Kim J, Tran J, 

et al. Vascular and degenerative processes differentially 

affect regional interhemispheric connections in normal 

aging, mild cognitive impairment, and Alzheimer dis-

ease. Stroke. 2010;41(8):1791–7. 

124. Pantoni L, Basile AM, Pracucci G, Asplund K, Bo-

gousslavsky J, Chabriat H, et al. Impact of age-related 



 DANISH MEDICAL JOURNAL   20 

 

 

 

 

cerebral white matter changes on the transition to dis-

ability -- the LADIS study: rationale, design and method-

ology. Neuroepidemiology. 2005;24(1-2):51–62.  

125. American Psychiatric Association. Diagnostic and statis-

tical manual of mental disorders, DSM-IV. Washington 

DC: American Psychiatric Association; 1994.  

126. McKhann G, Drachman D, Folstein M, Katzman R, Price 

D, Stadlan EM. Clinical diagnosis of Alzheimer’s disease: 

report of the NINCDS-ADRDA Work Group under the 

auspices of Department of Health and Human Services 

Task Force on Alzheimer's Disease. Neurology. 

1984;34(7):939–44.  

127. Gouw AA, Van der Flier WM, Fazekas F, Van Straaten 

ECW, Pantoni L, Poggesi A, et al. Progression of white 

matter hyperintensities and incidence of new lacunes 

over a 3-year period: the Leukoaraiosis and Disability 

study. Stroke. 2008;39(5):1414–20.  

128. Cootes T, Edwards G, Taylor C. Active appearance mod-

els. IEEE Trans Pattern Anal Mach Intell. 2001;23:681–5.  

129. Gouw AA, Van der Flier WM, Van Straaten ECW, Barkhof 

F, Ferro JM, Baezner H, et al. Simple versus complex as-

sessment of white matter hyperintensities in relation to 

physical performance and cognition: the LADIS study. J 

Neurol. 2006;253(9):1189–96.  

130. Van Straaten ECW, Fazekas F, Rostrup E, Scheltens P, 

Schmidt R, Pantoni L, et al. Impact of white matter hy-

perintensities scoring method on correlations with clini-

cal data: the LADIS study. Stroke. 2006;37(3):836–40.  

131. Scheltens P, Leys D, Barkhof F, Huglo D, Weinstein HC, 

Vermersch P, et al. Atrophy of medial temporal lobes on 

MRI in “probable” Alzheimer’s disease and normal age-

ing: diagnostic value and neuropsychological correlates. 

J Neurol Neurosurg Psychiatr. 1992;55(10):967–72.  

132. Folstein M, Folstein S, McHugh PR. “Mini-Mental State” 

A practical method for grading the cognitive state of pa-

tients for the clinician. J Psychiat Res. 1975;12:189–98.  

133. Ylikoski R, Jokinen H, Andersen P, Salonen O, Madureira 

S, Ferro J, et al. Comparison of the Alzheimer’s Disease 

Assessment Scale Cognitive Subscale and the Vascular 

Dementia Assessment Scale in differentiating elderly in-

dividuals with different degrees of white matter 

changes. The LADIS Study. Dement Geriatr Cogn Disord. 

2007;24(2):73–81.  

134. Ferris SH. General measures of cognition. Int Psychoge-

riatr. 2003;15 Suppl 1:215–7.  

135. MacLeod CM. Half a century of research on the Stroop 

effect: an integrative review. Psychol Bull. 

1991;109(2):163–203.  

136. Reitan RM. The relation of the trail making test to or-

ganic brain damage. J Consult Psychol. 1955;19(5):393–

4.  

137. Baezner H, Blahak C, Poggesi A, Pantoni L, Inzitari D, 

Chabriat H, et al. Association of gait and balance disor-

ders with age-related white matter changes: the LADIS 

study. Neurology. 2008;70(12):935–42.  

138. Guttmann CR, Benson R, Warfield SK, Wei X, Anderson 

MC, Hall CB, et al. White matter abnormalities in mobil-

ity-impaired older persons. Neurology. 

2000;28;54(6):1277–83.  

139. Vellas BJ, Wayne SJ, Romero L, Baumgartner RN, Ruben-

stein LZ, Garry PJ. One-leg balance is an important pre-

dictor of injurious falls in older persons. JAGS. 

1997;45(6):735–8.  

140. Erkinjuntti T. Subcortical vascular dementia. Cerebro-

vasc Dis. 2000;13(2):58–60.  

141. McKhann GM, Albert MS, Grossman M, Miller B, Dick-

son D, Trojanowski JQ. Clinical and pathological diagno-

sis of frontotemporal dementia: report of the Work 

Group on Frontotemporal Dementia and Pick’s Disease. 

Arch Neurol;58(11):1803–9.  

142. Zarei M, Damoiseaux JS, Morgese C, Beckmann CF, 

Smith SM, Matthews PM, et al. Regional white matter 

integrity differentiates between vascular dementia and 

Alzheimer disease. Stroke. 2009;40(3):773–9.  

143. Chen T-F, Lin C, Chen Y, Liu H, Hua M, Huang Y, et al. Dif-

fusion tensor changes in patients with amnesic mild 

cognitive impairment and various dementias. Psychiatry 

Res. 2009;173(1):15–21.  

144. Stahl R, Dietrich O, Teipel SJ, Hampel H, Reiser MF, 

Schoenberg SO. White matter damage in Alzheimer dis-

ease and mild cognitive impairment: assessment with 

diffusion-tensor MR imaging and parallel imaging tech-

niques. Radiology. 2007;243(2):483–92.  

145. Di Paola M, Di Iulio F, Cherubini A, Blundo C, Casini AR, 

Sancesario G, et al. When, where, and how the corpus 

callosum changes in MCI and AD: a multimodal MRI 

study. Neurology. 2010;74(14):1136–42.  

146. Ukmar M, Makuc E, Onor ML, Garbin G, Trevisiol M, 

Cova MA. Evaluation of white matter damage in pa-

tients with Alzheimer’s disease and in patients with mild 

cognitive impairment by using diffusion tensor imaging. 

Radiol Med. 2008;113(6):915–22.  

147. Wang L, Goldstein FC, Veledar E, Levey AI, Lah JJ, Melt-

zer CC, et al. Alterations in cortical thickness and white 

matter integrity in mild cognitive impairment measured 

by whole-brain cortical thickness mapping and diffusion 

tensor imaging. AJNR American Journal of Neuroradio-

logy. 2009;30(5):893–9.  

148. Thompson PM, Hayashi KM, De Zubicaray G, Janke AL, 

Rose SE, Semple J, et al. Dynamics of gray matter loss in 

Alzheimer’s disease. J Neurosci. Soc Neuroscience. 

2003;23(3):994–1005.  

149. Sydykova D, Stahl R, Dietrich O, Ewers M, Reiser MF, 

Schoenberg SO, et al. Fiber connections between the 

cerebral cortex and the corpus callosum in Alzheimer’s 

disease: a diffusion tensor imaging and voxel-based 

morphometry study. Cereb Cortex. 2007;17(10):2276–

82.  

150. Avants BB, Cook PA, Ungar L, Gee JC, Grossman M. De-

mentia induces correlated reductions in white matter 

integrity and cortical thickness: a multivariate neuroi-

maging study with sparse canonical correlation analysis. 

NeuroImage. 2010;50(3):1004–16.  

151. Agosta F, Pievani M, Sala S, Geroldi C, Galluzzi S, Frisoni 

GB, et al. White matter damage in Alzheimer disease 

and its relationship to gray matter atrophy. Radiology. 

2011;258(3):853–63.  



 DANISH MEDICAL JOURNAL   21 

 

 

 

 

152. Chaim TM, Duran FLS, Uchida RR, Périco C a M, De Cas-

tro CC, Busatto GF. Volumetric reduction of the corpus 

callosum in Alzheimer’s disease in vivo as assessed with 

voxel-based morphometry. Psychiatry Res. 

2007;154(1):59–68.  

153. Janowsky JS, Kaye JA, Carper RA. Atrophy of the corpus 

callosum in Alzheimer’s disease versus healthy aging. 

JAGS. 1996;44(7):798–803.  

154. Tomaiuolo F, Scapin M, Di Paola M, Le Nezet P, Fadda L, 

Musicco M, et al. Gross anatomy of the corpus callosum 

in Alzheimer’s disease: regions of degeneration and 

their neuropsychological correlates. Dement Geriatr 

Cogn Disord. 2007;23(2):96–103.  

155. Frederiksen KS, Garde E, Skimminge A, Ryberg C, Ro-

strup E, Baaré WFC, et al. Corpus callosum atrophy in 

patients with mild Alzheimer’s disease. Neurodegener 

Dis. 2011;8(6):476–82.  

156. Meguro K, Constans J-M, Shimada M, Yamaguchi S, Ishi-

zaki J, Ishii H, et al. Corpus callosum atrophy, white mat-

ter lesions, and frontal executive dysfunction in normal 

aging and Alzheimer’s disease. A community-based stu-

dy: the Tajiri Project. Int Psychogeriatr. 2003;15(1):9–

25.  

157. Lu PH, Lee GJ, Tishler TA, Meghpara M, Thompson PM, 

Bartzokis G. Myelin breakdown mediates age-related 

slowing in cognitive processing speed in healthy elderly 

men. Brain Cogn. 2013;81(1):131–8.  

158. Kerchner GA, Racine CA, Hale S, Wilheim R, Laluz V, Mil-

ler BL, et al. Cognitive processing speed in older adults: 

relationship with white matter integrity. PloS One. 

2012;7(11):e50425.  

159. Salthouse TA. Aging and measures of processing speed. 

Biol Psychol. 2000;54(1-3):35–54.  

160. Marco EJ, Harrell KM, Brown WS, Hill SS, Jeremy RJ, 

Kramer JH, et al. Processing speed delays contribute to 

executive function deficits in individuals with agenesis 

of the corpus callosum. JINS. 2012;18(3):521–9.  

161. Román GC, Erkinjuntti T, Wallin A, Pantoni L, Chui HC. 

Subcortical ischaemic vascular dementia. Lancet Neurol. 

2002;1(7):426–36.  

162. Jokinen H, Kalska H, Ylikoski R, Madureira S, Verdelho A, 

Gouw A, et al. MRI-defined subcortical ischemic vascu-

lar disease: baseline clinical and neuropsychological 

findings. The LADIS Study. Cerebrovasc Dis. 

2009;27(4):336–44.  

163. Guralnik JM, Simonsick EM, Ferrucci L, Glynn RJ, Berk-

man LF, Blazer DG, et al. A short physical performance 

battery assessing lower extremity function: association 

with self-reported disability and prediction of mortality 

and nursing home admission. J Gerontol. 

1994;49(2):M85–94.  

164. Abdul-Kareem IA, Stancak A, Parkes LM, Sluming V. Re-

gional corpus callosum morphometry: effect of field 

strength and pulse sequence. JMRI. 2009;30(5):1184–

90.  

165. Jokinen H, Kalska H, Ylikoski R, Madureira S, Verdelho A, 

Van der Flier WM, et al. Longitudinal cognitive decline in 

subcortical ischemic vascular disease--the LADIS Study. 

Cerebrovasc Dis. 2009;27(4):384–91.  

166. Hofer S, Frahm J. Topography of the human corpus cal-

losum revisited--comprehensive fiber tractography us-

ing diffusion tensor magnetic resonance imaging. Neu-

roImage. 2006;32(3):989–94.  

167. Wahl M, Lauterbach-Soon B, Hattingen E, Jung P, Singer 

O, Volz S, et al. Human motor corpus callosum: topog-

raphy, somatotopy, and link between microstructure 

and function. J Neurosci. 2007;27(45):12132–8.  

168. Tang Y, Nyengaard JR, Pakkenberg B, Gundersen HJ. 

Age-induced white matter changes in the human brain: 

a stereological investigation. Neurobiol Aging. 

1997;18(6):609–15.  

169. Wade BSC, Stockman M, McLaughlin MJ, Raznahan A, 

Lalonde F, Giedd JN. Improved corpus callosum area 

measurements by analysis of adjoining parasagittal 

slices. Psychiatry Res. 2012;Epub ahead:1–5. 


