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Neuropsychology Review, Vol. 13, No. 2, June 2@03q03)

Alzheimer’s Disease as a Disconnection Syndrome?

X. Delbeuck,l’3 M. Van der Linden, 1.2 and F. Collette?

This paper reviews the growing amount of evidence supporting the hypothesis that Alzheimer’s
disease includes a disconnection syndrome. This evidence came mainly from neuropathological,
electrophysiological, and neuroimaging studies. Moreover, a few recent neuropsychological studies
have also explored the effects of a disconnection between cerebral areas on cognitive functioning.
Finally, and more generally, the contribution of this interpretation to the understanding of Alzheimer’s
disease cognitive deficits is considered.

KEY WORDS: Alzheimer's disease; disconnection; neuropsychology.

BACKGROUND different cerebral areas. Other authors such as Wernicke
(1874/1977) and Lichtheim (1885) also used disconnec-
From Broca’s initial research work in the 1860s, the tion to explain certain neuropsychological deficits. After
functioning of the brain has been described in terms of a long eclipse, this perspective re-emerged in the litera-
functional separation. This view recognizes that different ture during the second half of the last century. This re-
processes are mainly represented in different anatomicalvival of the disconnection theory is directly attributable
areas. In its extreme version, it considers the brain as a seto Geschwind (1965), who was inspired by the work on
of modules, processing the information more or less inde- split-brain patients done by Sperry (1961).
pendently from each other. However, some authors chal- More recent models of brain functioning have also
lenged this strict modular and localisationist view (forare- integrated the notion of functional connectivity, namely
view see Finger, 1994). For example, Jackson (1874/1958)the influence that one neuronal system exerts over another
considered that a specific mental ability is not produced (Friston, 1999). For example, Mesulam (1998) described
by one distinct group of localized brain cells but rather amodel of brain organization in which information is pro-
arises from a hierarchic organization, respectively from cessed in a hierarchic fashion, through five functional ar-
low to high, the spinal or brain stem, the motor or sensory, eas, from the most specialized sensorial areas to the least
and the “frontal” level. According to Jackson, cognitive differentiated limbic structures. While sensori-motor ar-
functioning is better conceptualized in terms of numer- eas may be seen as related to aspects of the outside world,
ous interactions and influences among different brain ar- limbic areas are more concerned with the inner world
eas rather than in terms of a strict modular perspective. (emotion regulation, motivation, memory and homeosta-
From this perspective, cognitive deficits following brain sis). Between these two extremes, there are three areas of
damage can be attributed not only to a specific cerebral association cortices (unimodal, heteromodal and paralim-
dysfunction but also to disconnection processes betweenbic) which create a link between the inner and the outer,
external world. Mesulam (1998) argues that consciousness
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interconnected units. Applying MCO to Mesulam’s of cells giving rise to corticocortical tracts while NP would
(1998) hierarchic model, Peled (1999) has proposed anbe seen at the end of these tracts and in their collateral
interpretation of schizophrenic symptoms characterized branches. Consequently, AD might be partly a neocortical
as a MCO breakdown. According to Peled, MCO break- disconnection syndrome, i.e., characterized by the loss of
downs would explain symptoms such as disorganization, afferent and efferent connections of cortical areas associ-
reality distortion, or even delusions. Such a disconnection ated with the death of pyramidal neurons (Morrison et al.,
interpretation of schizophrenia has been defended by oth-1986).
ers (for areview see Friston, 1999) and supported by some Furthermore, some authors (e.g., Arriagada et al.,
findings (e.qg., Frith et al., 1995). 1992) proposed a hierarchic vulnerability of architectonic
Interestingly, a disconnection interpretation has also areas in AD. A consistent pattern emerges from neu-
been advanced to explain part of Alzheimer’s disease ropathological data showing that the most severely NFT
(AD) symptomatology (see for example Morris, 1996; affected areas would be the entorhinal cortex, the area
Morrison et al., 1986)More specifically, AD pathology =~ CAl/subiculum of the hippocampus and amygdala, fol-
would not be the consequence of a pathophysiology in onelowed by less vulnerable association cortices and finally
or more neuronal systems but rather a disturbance of thethe primary sensory areas which would be less affected
brain’s effective connectivity suggesting abnormal inter- by NFT. This pattern of hierarchic vulnerability suggests
actions between neuronal systems. In this paper, we will that AD spreads in a stepwise fashion along the corticocor-
examine three lines of evidence pointing towards AD as tical connections. Moreover, the subcortical areas which
a disconnection syndrome. First, we will briefly review are affected in AD are those which strongly interact with
neuropathological data. Indeed, the distribution of patho- the cortex, such as the locus coeruleus, the raphe com-
logical changes in AD patients’ brains does not appear plex, and the Meynert’s nucleus basalis (see Van Hoesen,
in a random or widespread uniform fashion but is rather 1990).
selective and restricted to some brain areas or even to In a different perspective, changes in the heteromodal
some laminae within those areas. Second, we will report cortex of AD brain would suggest a disconnection distur-
the electrophysiological and neuroimaging data concur- bance. Indeed, these areas receive convergent input from
ring with the disconnection hypothesis. Finally, we will unimodal areas of more than one sensorial modality (see
present the scarce neuropsychological data available onMesulam, 1998). Consequently, a disruption of these cor-
the topic and discuss the potential consequences that dices would lead to a segregation of the different modal-
disconnection problem would have on AD patients’ cog- ities and would produce a disconnection of the different

nitive performance. systems. For example,dBez-Isla et al. (1997) reported
neuronal loss in AD patients’ superior temporal sulcus
NEUROPATHOLOGICAL DATA (50% loss compared to control participants). This neuronal

loss parallels the chronological evolution of dementia and

Two principal neuropathological markers have been correlates significantly with the NFT formation. In non-
found in the brains of AD patients: neurofibrillary tangles demented participants, superior temporal sulcus neurons
(NFT) and neuritic plaques (NP). These markers (and es-are stable across the sixth to ninth decades of life. Sim-
pecially NFT) are particularly present in brain areas that ilarly, Buldyrev et al. (2000) showed disruptions of the
give rise to long corticocortical tracts linking cerebral ar- microcolumnar ensembles in the neuronal architecture of
eas (e.g., Damasio et al., 19900i@éz-Isla and Hyman, the superior temporal sulcus region in AD patients. These
1997; Pearson et al., 1985; Van Hoesen, 1990). Indeed,microcolumnar ensembles are a cytoarchitectural charac-
neuropathological data in AD (e.g., Pearson et al., 1985) teristic detected by Buldyrev et al. in the higher order
reveal that NFT predominate in the associative cortices association cortex. Consequently, these data suggest dis-
(in the temporal, parietal and frontal lobes), and espe- ruptions of the heteromodal cortex in AD patients.
cially in the large pyramidal neurons located in layers Ill Considering all these neuropathological data, a dis-
and V of these areas. These pyramidal neurons permit cor-connection might be a potentially valid interpretation
ticocortical connections between and within the cerebral of AD pathogenesis. In-depth examination of AD pa-
hemispheres. In their review of the literature, De Lacoste tients’ hippocampal formation reinforces this disconnec-
and White (1993) conclude that the distribution of neuritic tion view, by suggesting an isolation of the hippocam-
plaques (NP) also appears organized and seems to affecpal formation (Damasio et al., 1990; Van Hoesen, 1990,
the ends of corticocortical connections. Considering this 1997). The isolation of the hippocampal formation is doc-
distribution of AD neuropathological markers, the hypoth- umented by the presence of NFT in the entorhinal cor-
esis has emerged that NFT would be observed in the bodytex, especially present in layers Il and IV (even in mild
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AD cases, @mez-Isla et al., 1996; see also for a review Coherence is a quantitative measure that determines the
Damasio et al., 1990; Van Hoesen, 1990, 1997). Layer Il degree of functional connection between two or more cere-
of the entorhinal cortex gives rise to the perforant pathway, bral areas. Itis expressed by the synchrony, or coupling, of
which links the entorhinal cortex with hippocampal struc- two electrodes in a given frequency band. In AD patients
tures. Therefore, the presence of these NFT will produce compared to control participants, for example, Leuchter
a “deafferentation” of the hippocampal system. Another etal. (1992) found a systematic decrease of coherence be-
AD affected structure is the subiculum, which givesrise to tween areas linked by corticocortical tracts crossing the
efferent links from the hippocampus to the cerebral cortex Rolandic fissure (e.g., the superior longitudinal fascicu-
and to subcortical structures. The changes observed in thdus). In contrast, multi-infarct dementia (MID) is charac-
subiculum and layer IV of the entorhinal cortex (origin of terized by a significant decrease of coherency between
projections from the hippocampus to the cerebral cortex) areas located on the same side of the Rolandic fissure rel-
cause a disturbance of the projections from the hippocam- ative to the control participants group.
pus to the rest of the brain, producing a “deefferentation” Magnetoencephalography (MEG), a non-invasive
of the hippocampal system. technique that enables the magnetic fields generated by
The NP distribution in the hippocampal formation is electrical activity in the brain to be measured, has con-
also illustrative since NP are present at the termination firmed the presence of alossin coherence in AD (Berendse
of the pathways (for a review see De Lacoste and White, etal., 2000). A general decrease of MEG coherence values
1993). For example, there is a considerable amount of was observed in AD patients relative to controls within all
NP in the CA1 pyramidal cell layer and in the molecular the frequencies analyzed but the relative coherence loss
layer of the CAl-subiculum area, areas receiving output was greatest for the long distance fronto-parietal coher-
from the hippocampal circuit. Similarly, the density of ence measures.
NP is greater in the molecular area of the dentate gyri, In a more recent study, Golob et al. (2001) have used
which is believed to be the end of part of the perforant electrophysiological responses to specific sensory inputs
pathway. (evoked potentials) to test the disconnection hypothesis
In summary, the neuropathological data show a dis- in AD. More specifically, they measured evoked poten-
ruption of most of the efferent and afferent linkages be- tials between responses to pairs of sensory stimuli having
tween the hippocampal formation and the rest of the brain, the same modality (visual-visual or auditory-auditory; in-
suggesting that AD might be considered as a disconnectiontramodal situation) and responses to pairs of stimuli of two
syndrome. Progression of the disease may also support thidifferent modalities (visual-auditory or auditory-visual;
conclusion since areas affected at the onset of the diseaserossmodal situation). Considering the segregation of au-
are the “associative areas” that integrate information, such ditory and visual pathways, the physiological response to
as the heteromodal cortex, before sensory or motor areasthese crossmodal situations would characterize interac-
On the whole, these data highlight that the degenerationtions between visual and auditory cortical regions. Previ-
in AD is not global (see also Uylings and de Brabander, ous studies have shown a refractory effect in these intra-
2002) but rather specific to areas related to corticocortical and crossmodal situations (Davis et al., 1966, 1972). The
connections. refractory effect is the reduced amplitude and latency of
electrophysiological components observed for a stimulus
when another stimulus has been presented before. Young
ELECTROPHYSIOLOGICAL AND (n=12) and elderly (r= 12) healthy groups were included
NEUROIMAGING DATA in the Golob et al. (2001) study as well as groups of AD
(n = 11) and mild cognitive impairment (& 10) sub-
Results from electroencephalography (EEG), posi- jects. The mild cognitive impairment (MCI) group in-
ton emission tomography (PET) or even magnetic reso- cluded elderly subjects reporting subjective memory com-
nance imaging (MRI) studies have also documented the plaints and having a score 1.5 standard deviations below
disconnection hypothesis in AD. These studies particu- the age-associated norms for memory but a normal perfor-
larly suggest disconnection both between anterior and mance in other cognitive domains (Petersen et al., 1999).
posterior areas of the brain and between the cerebralThese participants are considered as a group presenting
hemispheres. Using the electroencephalographic coher-vulnerability for the development of AD. Golob et al.
ence paradigm, some studies (Leuchter et al., 1992; seg2001) recorded the electrophysiological response of these
also Besthorn etal., 1994; Le Roc’h et al., 1993; Locatelli four groups (young, elderly, MCI and AD) in two condi-
etal., 1998; Wada et al., 1998a) have explored the integrity tions. In the intramodal conditions, a pair of visual (flash
of structural connections between cerebral areas in AD. of light) or auditory (tones) stimuli is presented and the
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electrophysiological response to the second stimuli of the cerebral blood flow at rest using the PET technique. In
pair is compared to the response for the first stimulus. In this manner, Horwitz et al. (1987) calculated correlation
the crossmodal situations, a visual stimulus preceded ancoefficients between values of regional cerebral metabolic
auditory stimulus and vice versa, and thus the response torate for glucose consumption (rCMRglc) to estimate the
a stimulus is studied in reaction to the presentation of a functional association between cerebral areas. They deter-
previous stimuli from a different modality. Results showed mined rCMRglc in 28 pairs of bilateral (right-left hemi-
that refractory effects are observed in all the groups sphere areas) and 3 midline regions of interest (ROI).
for the auditory as well as visual intramodal situation. Lower rCMRglc values in 22 of the 59 ROl were reported
Concerning the crossmodal conditions, no refractory ef- in the AD group (mild to moderate AD patients) as com-
fect was observed in any group when a visual stimulus pared to controls, especially in the frontal, temporal, and
was presented after an auditory stimulus (auditory-visual parietal associative areas. For each group (patients and
condition). However, when an auditory stimulus followed controls), the rCMRglc measurements were used in sep-
the presentation of a visual stimulus (visual-auditory con- arate correlation matrices through the evaluation of par-
dition), Golob et al. observed a refractory effect in all the tial correlations between every 59 pairs of ROI. In these
groups except AD patients. Indeed, a reduced amplitude correlation matrices, the brain regions were divided into
of at least one auditory component (P50, N100, and P200)frontal, parietal, temporal, occipital, and non-cortical sets.
was present in the young, elderly and MCI groups. More- Statistical analyses evaluated the difference between cor-
over, graded changes were observed in this visual-auditoryrelation matrices in AD patients and controls. Within this
condition between the groups. All the three auditory com- brain matrix, Horwitz et al. observed a reduced number
ponents analyzed were attenuated in the young healthyof frontal-parietal correlations in AD patients than in con-
group, while only two components were modified in the trols, in the resting state. This reduction in AD patients
elderly group. Of these two components modified in the compared to the controls was more pronounced than the
elderly group, the amplitude of only one component was reduction observed between healthy elderly and young
significantly reduced in the MCI group and no change was participants in Horwitz et al.'s (1986) study. Moreover,
observed in the AD group. In conclusion, an intramodal Horwitz et al. (1987) also showed a disorganized func-
refractory effect was present in all the groups but results tional activity between the two hemispheres in the early
in the crossmodal condition suggest functional differences stages of AD suggested by a loss of partial correlations
between the groups. Assuming that crossmodal refractorybetween homologous right-left ROI.
effects are accomplished via a corticiocortical pathway, Azari et al. (1992) extended and confirmed the re-
these data would reflect the presence of a cortical connec-sults obtained by Horwitz et al. (1987). Indeed, they also
tivity disturbance between the visual and auditory cortices evidenced weaker functional neocortical interactions (less
in AD while the synaptic interactions within the auditory positive correlations) in mild to moderate AD patients, es-
(or visual) pathway and cortex seemed preserved. Con-pecially between frontal association and both parietal as-
sequently, Golob et al. (2001) intrepreted the absence ofsociation and paralimbic areas. Like Horwitz et al. (1987),
crossmodal refractory effectin AD as suggesting a cortical they noticed a loss of positive correlations between the
disconnection syndrome in this pathology. However, the hemispheres, suggesting a breakdown of the interhemi-
neural mechanisms for refractory effects in humans are spheric functional association.
still unknown and thus these results should be interpreted In addition, PET activation studies have also been
with caution. analyzed in terms of functional connectivity. In a recent
Furthermore, Rose et al. (2000) evaluated the white study, Grady et al. (2001) explored mild AD patients
matter integrity of mild to moderate AD patients € (n = 11) engaged in a memory task for unfamiliar faces
11) using the magnetic resonance diffusion tensor imag- using HO®. Compared to controls, AD patients showed
ing technique, which examines water diffusion in different marked differences in brain activation patterns during the
tissues and the organization of white matter tracts. Com- memory task. For example, in AD patients, an increased
pared to healthy controls, AD patients showed a signif- involvement of the amygdala compared to controls was
icant decrease of associative white matter fibers such asnoted. Changes in functional connectivity have also been
the splenium of the corpus callosum, the superior longitu- identified in AD patients. Indeed, diminished functional
dinal fasciculus (linking fronto-occipito-temporal areas), interactions of the right prefrontal cortex with the right
and the cingulum (the tract going through the cingular and hippocampus and visual cortices were observed, which
parahippocampal circumvolutions). suggests an anterior-posterior disconnection. According
Additional evidence for a disconnection process in to Grady et al., these results would imply that the memory
AD consisted of measuring the distribution of regional breakdown observed in early AD relies, at least partly, on
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a reduction of the integrated activity within a large dis- the progressive neocortical disconnection in AD. Indeed,
tributed network. regional callosal atrophy observed in AD patients is seen
In support of the disconnection hypothesis, it is also even after excluding a primary white matter degeneration
interesting to consider the interhemispheric relations in and correlated significantly with corresponding cerebral
AD. In the studies described above, data in favor of an lobe volumes.
interhemispheric disconnection have been cited. For ex- Besides its value as a potential marker of AD, the
ample, Rose et al. (2000) found a decrease of associativecorpus callosum might also be a useful tool for the dif-
white matter fibers in the corpus callosum splenium of ferential diagnosis of dementia. Yamauchi et al. (2000)
AD patients, and the PET studies by Horwitz et al. (1987) compared three different kinds of demented patients to a
and Azari et al. (1992) namely display the existence of group of 23 control participants: 11 patients with fron-
a modification in the functional interactions between the totemporal dementia (FTD), 9 patients with probable pro-
hemispheres. Besides these data, some authors have thogressive supranuclear palsy (PSP) and 16 probable AD.
oughly studied the question of an interhemispheric discon- No significant difference was found between groups for
nection in AD. For example, interhemispheric coherency sex distribution, level of education or age and the three
studies were performed by Wada et al. (1998b). Lower groups were mild to moderate demented patients. The du-
coherence was observed between the hemispheres imration of the disease was similar between the AD and FTD
10 mild to moderate AD patients compared to controls, groups but was different between these latter groups and
suggesting a disturbance of the interhemispheric func- PSP patients who displayed a significantly longer mean
tional connectivity in AD. duration of disease. Consequently, results from the com-
Being the major commissure linking the two hemi- parison between PSP and other dementias should be in-
spheres, the exploration of the corpus callosum and its as-terpreted with caution. In the three groups of patients, a
sociated functions might be of interest within the frame- decrease of total callosal area (from the anterior border
work of an interhemispheric disconnection in AD. MRI of the rostrum to the caudal end of the splenium) was
studies have shown an atrophy of the corpus callosum observed compared to controls. However, a specific part
in AD patients compared to controls (Pantel et al., 1999; of the corpus callosum was significantly smaller in each
Teipel et al., 1999; see also Hampel et al., 1998; Janowski of these dementia types compared to others: the anterior
et al., 1996). Teipel et al. (1999) found smaller total cal- quarter callosal area in FTD, the middle-anterior quar-
losal areas in 12 mild to moderate AD patients and the mostter area in PSP and finally the posterior quarter area in
severe changes were observed in the callosal rostrum andAD. Yamauchi et al. concluded that these characteristic
splenium (anterior and posterior part of the corpus callo- patterns of callosal atrophy might reflect the differential
sum) relative to healthy controls. These changes seemedpatterns of neocortical involvement in the different kinds
to be independent of any primary pathology of the white of dementia. Lyoo et al. (1997) also showed a differen-
matter since they occur in AD with only minimal white tial pattern of corpus callosum atrophy between ADHn
matter changes. Using MRI, Pantel et al. (1999) also no- 162) and MID (n= 28) compared to control participants
ticed atrophy in all the subsections of the corpus callosum (n = 36). In the early stages of dementia, patients with
in AD (13.4% in mild to moderate AD patients) com- AD present a decreased size of the corpus callosum in the
pared to age-matched healthy controls. They interpretedposterior midbody, isthmus and splenium while the area
the changes of global and regional size of the corpus cal- of the genu is decreased in MID, relative to the values
losum as being due to the degeneration of the pyramidal obtained in the healthy comparison group. However, both
neuron axons of cortical layer Ill, from which callosal in AD and MID, measures of all regions of the corpus
fibers arise. In their study, severity of dementia was sig- callosum decrease as the dementia progresses.
nificantly correlated with the size of the middle sections of In conclusion, these electrophysiological and neu-
the corpus callosum (rostral body and midbody). Further- roimaging data provide evidence of disconnection prob-
more, in AD patients, the size of the rostral midbody of the lems in AD. These problems are observed either within
corpus callosum was correlated with frontal lobe volume, (forexample, diminished antero-posterior connectivity) or
the size of the midbody with temporal lobe volume, and between (for example, reduction of the corpus callosum)
the size of the splenium with parietal lobe volume. This the cerebral hemispheres when using various techniques
pattern of correlations was not observed in control par- such as EEG, PET, or even MRI. As for the neuropatho-
ticipants. It should, however, be noted that a correlation logical data, these results showed that the deterioration
was also observed between age and the corpus callosumin an AD brain is not global. Indeed, loss of coherency is
especially with its anterior part. In conclusion, these data observed in AD between posterior and anterior cortical ar-
suggest that the corpus callosum might be a marker of eas but not within either the prefrontal or posterior regions.
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Finally, some data showed differentiation between AD and hand, and the patient had to indicate with his/her thumb
other dementia regarding, for example, the location of the the place where he had felt the touch. In the intrahemi-
corpus callosum atrophy. All these studies have explored spheric condition, the participants were asked to show the
the disconnection hypothesis but still need to be replicated location on the same hand as the stimulation. In the in-
and extended to determine whether the disconnection isterhemispheric condition, they had to show the location
anatomical or is the consequence of neuronal loss in theon the other hand. A second somesthesic test consisted in
areas being connected. comparing three-dimensional shapes (such as a star or a
square, . .) and was constructed on the intra- versus inter-
hemispheric design (explore and recognize with the same
NEUROPSYCHOLOGICAL DATA hand versus with different hands). In these tasks, perfor-
mance of AD patients was affected only in the interhemi-
Very few neuropsychological studies have directly spheric condition. A third somesthesic task required par-
examined the disconnection hypothesis in AD. Most of- ticipants to name sixty familiar objects (comb, spoon),
ten, the disconnection interpretation still remaingost explored with their right or left hand. Performance of con-
hocexplanatory process. However, Lakmache et al. (1998) trols and AD patients did not differ when the objects were
conducted a study aimed at exploring interhemispheric handled with the right hand, but AD patients had a poorer
transfer in AD patients. In this study, they selected an performance when the objects were palpated with the left
experimental procedure that generally evaluates the pro-hand. This performance is also illustrative of interhemi-
cessing by either each hemisphere separately (intrahemi-spheric problems in AD since the naming test involves
spheric condition) or the combined activation of both the access to language centers which are generally lateralized
hemispheres via the corpus callosum (interhemisphericin the left hemisphere. When an object is palpated with
condition). The authors designed various tasks to evaluatethe left hand, information about this object is projected in
different parts of the corpus callosum. the right hemisphere and thus must be transferred to the
First, they used a motor test to assess the integrity left hemisphere so that the object can be named (inter-
of the anterior part of the corpus callosum, which con- hemispheric condition). The intrahemispheric condition
nects the frontal lobes and the motor areas. The task useds when the object is palpated with the right hand be-
by Lakmache et al. required a bimanual and hence, in- cause in this case no transfer through the corpus callosum
terhemispheric coordination. A diagonal model line was is needed since information is directly projected in the
presented and the participants were asked to draw a lineleft hemisphere. A last somesthesic task was also used to
matching this model as closely as possible. To draw the assess the somesthesic interhemispheric transmission by
line, two buttons are needed, one button to control the contrasting an intra- and an interhemispheric condition of
horizontal (x axis) and the other to direct the vertical reaction time to a stimulus. The stimulus was a puff of
(y axis) displacement of the pencil. Consequently, the task air delivered to one of the hands. The subject had to re-
could only be executed by using both hands and coordi- spond either with the stimulated hand (intrahemispheric
nate the movement of the two hands to draw a diagonal condition) or with the other (interhemispheric condition)
line matching the model. The dependent variable was the by pressing a response key. Although AD patients exhib-
deviation of the line drawn from the sample line. Indeed, ited longer reaction times compared to controls in all the
poor matching to the model would evidence a disturbance conditions, this effect was more pronounced in the inter-
in bimanual coordination. In these conditions, when par- hemispheric condition, in which the stimulus was pro-
ticipants were given a time limit to draw their line, AD jected to one hemisphere and the response was produced
patients made significantly more errors than controls: ei- by the other.
ther they could not finish the task or they showed erratic Finally, visual comparison tasks were administered
performance. This problem of interhemispheric coordina- to test for a transfer disturbance between visual areas of
tion was present in AD patients while no difference was both hemispheres through the posterior part of the corpus
noticed between them and controls in a task designed tocallosum. In the color comparison task, a same/different
control the manual dexterity of the patients. judgment had to be made between two colored circles
Second, performance on different somesthesic tests(red or green) presented tachitascopically. These two cir-
was evaluated to assess the integrity of the trunk of the cles were projected either in the same hemisphere or each
corpus callosum, connecting the parietal and temporal re-in a different hemisphere, the latter condition involving
gions. Four tests were administered in this condition, the an interhemispheric transfer. Performance did not differ
first one was a finger identification test. Out of sight, the between the two groups in the intrahemispheric condi-
experimenter touched a particular location on the patient’s tion, but AD patients’ performance significantly declined
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in the interhemispheric condition. A second visual task In the free recall condition, controls recalled more cor-
consisted in a letter comparison task. Participants had torect items heard by the right ear than by the left ear (right
state as quickly as possible whether two letters were the ear advantage). In the LER and RER conditions, controls’
same or different. These pairs of letters were projected performance revealed an advantage for the left ear in the
either in the same hemisphere (intra) or one in each hemi-LER condition, and an advantage for the right ear in the
sphere (inter). In control participants, no difference was RER condition, when compared to the proportion of cor-
found between the intra- and interhemispheric situation, rectitems recalled. On the other hand, the performance of
whereas AD patients’ performance declined in the latter 22 mild to severe AD patients was characterized by infe-
condition. A decline in AD patients was also observed in rior accuracy regardless of the condition and by the pres-
judgment accuracy when letters were presented in the leftence of a right ear advantage in all three recall conditions.
hemifield (right hemisphere), with this condition requir- Inthe LER condition, AD patients recalled a greater num-
ing an interhemispheric transfer. Finally, it should be noted ber of correct items for the stimuli presented to the right
that no differences were found in the task designed to as-ear than to the left ear. The disappearance of the left ear
sess the visual interhemispheric transmission time. This advantage in the LER condition has been interpreted by
task requires the participant to respond to a flash of light Mohr et al. (1990) as reflecting an inability of AD patients
projected either in the left or right hemifield. In the intra- to shift their attention. However, the right-ear advantage
hemispheric condition, the light and the response (press-persistence in AD patients could be explained by the easier
ing a response key with the hand) were processed by theaccess to the language areas of the information presented
same hemisphere while in the interhemispheric situation, to the right ear (left hemisphere) and a perturbation that
they involved the opposite hemisphere (the information is the “left information” undergoes when passing from one
received by one hemisphere and should be transferred tohemisphere (right) to the other (left). Two other studies
the other hemisphere controlling the hand which has to (e.g., Grady et al., 1989; Grimes et al., 1985) have also
answer). administered dichotic listening tasks to AD patients. For
On the whole, these results showed callosal deficits example, Grady et al. (1989) observed a dichotic listening
in AD. Indeed, AD patients performed poorly when coac- impairmentin a group of 32 mild to moderate AD patients
tivation of both hemispheres was required in the inter- compared to controls. Moreover, Grady et al. (1989) ex-
hemispheric condition, while performance was preserved amined whether impaired dichotic task performance in
in the respective intrahemispheric conditions. In this re- AD is related to difficulties in the perception of degraded
gard, it should be noted that the assessment of the motorspeech of stimuli presented monaurally. They observed
interhemispheric transfer is not compared to an intrahemi- that performance on degraded speech tasks was impaired
spheric condition. Moreover, differences between AD and in AD patients but was only correlated minimally with
controls for the motor interhemispheric coordination task the dichotic task performance in this group compared to
are observed only when a time limit is set in this task healthy controls. This result suggests that auditory pro-
but not in a free time condition. Consequently, other fac- cessing of difficult stimuli is impaired in AD but that di-
tors than a disturbance of the transfer of motor information chotic impairment reflects another deficitin these patients.
between the hemispheres might explain the difficulties ob- Consequently, Grady et al. proposed different interpreta-
served in AD patients. Finally, another limit of this study tions of the dichotic listening impairment observed in AD.
is the small sample of patients (10 mild to moderate AD Firstly, they suggested that the left temporal association
patients). Consequently, these results need to be replicateaortex metabolic dysfunction and atrophy observed in AD
and extended. might perturb the auditory processing of speech especially
Mohr et al.’s (1990) findings using a dichotic lis- forthe processing of two stimuli presented simultaneously
tening paradigm also seem relevant with regard to the resulting in an impaired performance on dichotic listening
integrity of the corpus callosum in AD. In their proce- tasks. Itshould be noted that Grimes et al. (1985) observed
dure, conflictual stimuli (pairs of words) were presented a correlation between performance for information from
simultaneously in the right and the left ear, under three the right ear on the dichotic task and the cerebral glu-
conditions. In the first condition, subjects had to recall all cose metabolism at resting state in the left temporal cor-
the stimuli, regardless of the side where the stimulus was tex. Secondly, the existence of an increased asymmetry
presented (free recall). In the two other conditions, they (Haxby et al., 1985) and decreased functional coupling
were asked to recall either the word presented to the right between homologous regions (Horwitz et al., 1987) ob-
ear (RER condition) first, or the word presented to the served in AD might result in a disturbance of the commu-
left ear (LER condition) first. The order of these two lat- nication between the right and left hemiphere and thus af-
ter conditions was counterbalanced among participants.fect performance on dichotic tasks. Finally, they suggested
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that dichotic performance might be influenced by a more patients revealed that their performance on the dual task
general attentional deficit in AD. A disturbance in a net- deteriorated, while it was maintained in the simple task
work of fronto-parietal areas would explain this attentional condition (Baddeley et al., 1991). In line with Morris
impairment that would affect dichotic tasks performance (1994), it could be argued that in the dual task condition,
in AD. a transfer breakdown (expressed by a loss of coherency)
In summary, the interhemispheric transfer distur- should disrupt the capacity of the system to synchronize
bance highlighted in AD is in agreement with a disconnec- activity of different cerebral areas, thus resulting in poor
tion process. However, further neuropsychological studies performance. However, studies concerning dual task per-
are clearly needed not only to confirm these data, but alsoformance deficits in AD still need to clarify whether the
to explore other types of disconnection deficits, namely deficits are the consequence of a coordination problem
those involving intrahemispheric connections (for exam- rather than a global reduction of cognitive resources or a
ple, the frontal and parietal areas; Horwitz et al., 1987). deficit in executive functions such as shifting.
The consequences that a disconnection might have onthe  Furthermore, it appears that an interhemispheric dis-
cognitive functioning of a subject will be discussed in the connection may have a more important impact on effort-
next section. ful tasks (tasks requiring attentional resources to be per-
formed) than on automatic ones. Indeed, one of the main
results from interhemispheric disconnection studies was
DISCONNECTION AND COGNITIVE to show that a simple task, involving few resources, is pro-
FUNCTIONING IN AD PATIENTS cessed more efficiently by only one hemisphere, in con-
trast with effortful tasks, where a distribution between the
Most cognitive tasks are multidetermined, and con- two hemispheres is more advantageous (e.g., Weissman
sequently, optimal performance in these tasks involves theand Banich, 2000). When processing demands are impor-
intervention of different processes and brain areas acrosstant, areas from both hemispheres can be recruited through
a large neural network (see, for example, the network in- these interhemispheric interactions and thus a decrease of
volved in episodic memory; Nyberg and Cabeza, 2000). performance in these tasks might be interpreted as the
Performance would then not only depend on the integrity result of an inability to distribute processing across the
of different cerebral areas, but would also rely on the in- hemispheres. The data discussed previously, which tend to
tegrity of the connections between them. In the same vein, show an interhemispheric disconnection in AD, together
Morris (1996) argues that “a breakdown in coherence with the Weissman and Banich experiment, might at least
would disrupt the ability of the information processing partly explain why in early AD patients, control (or exec-
system to direct and coordinate the cognitive components utive) processes are defective while automatic processes
of complex tasks efficiently, particularly those involving are preserved (Collette et al., 1999b, 2003; Fabrigoule
divided attention” (p. 239). What Morris means by coher- et al., 1998; Laftthe and Albert, 1995).
ence is a synchronization between the activity of different The so-called “executive functions” rely on a set of
cerebral areas. The situation of dual tasks may help to processes (inhibition, planning, flexibility, control, etc.)
illustrate the problem resulting from a breakdown in co- which enhance the subject’s adaptation to new situa-
herence. From a neurobiological point of view, a dual task tions when routines are not sufficient. For some au-
condition involves the synchronous activity of different thors, the neurobiological substrates of executive func-
cerebral areas. Hence, if the transmission between thesdioning are located in the frontal lobes (e.g., Shallice,
areas is less efficient, the coordination of mental activity 1988). But others consider that the activation of differ-
would be affected. Several authors (e.g., Baddeley et al.,ent areas as well as connections between these areas
1986, 2001; Collette et al., 1999b) have shown that AD are needed for adequate executive functioning (Collette
patients have more difficulties on dual tasks than control et al., 2003; Fuster, 1993; Weinberger, 1993). In this
participants. In the Baddeley et al. (1986) study, a visuo- prospect, we examined the performance of two groups
motor pursuit task and a digit span task were administeredof AD patients on executive functions tasks (Collette
to participants, first separately (simple task condition), and et al., 2002). In the first group, hypometabolism was
then simultaneously (dual task condition). Compared to restricted to posterior cerebral areas (parietal and tem-
control subjects’ performance, a greater decrease in theporal), while in the second group, hypometabolism en-
AD patients’ performance was observed when tasks were compassed both frontal and posterior areas. The exec-
performed simultaneously, although the difficulty of the utive functions testing administered to the participants
tasks performed separately was equated across the groupsncluded a series of task assessing inhibitory processes
Moreover, a follow-up examination of some of the AD such as the go/no-go task (Zimmerman and Fimm, 1994),
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the Stroop task (Stroop, 1935), the Hayling task (Burgess alphabetical order (implying storage and manipulation of
and Shallice, 1996), verbal fluency and the selective atten-information) while the dual task paradigm compared the
tional task “D2” (Brickenkamp, 1966). Our results showed performance in a digit span task and in a cancellation task
that AD patients’ performance was inferior to control carried out separately to the performance when the two
subjects’ on all executive tasks whether they presentedtasks were carried out simultaneously. The results showed
a frontal lobe hypometabolism or not. These results sug- that, as a group, AD patients presented poor performance
gest that executive dysfunction in AD is not related to a in all tasks assessing the phonological loop, the contribu-
frontal lobe impairment, but rather a consequence of par- tion of long-term memory to span performance, and the
tial disconnection between posterior and anterior cerebral central executive. Moreover, the span level of AD patients
areas. was related to the severity of the disease, as measured by
Perry and Hodges (1999) also evoked the possibil- the Mattis Dementia Rating Scale (Mattis, 1973). There-
ity that AD patients’ attentional/executive deficits could fore, further analyses were conducted using two groups of
be associated with a disconnection problem. Many atten- patients based on their span level. These analyses showed
tional tasks imply fast and simultaneous integration of that only the subgroup of patients with a low span perfor-
multiple types of information and therefore necessitate mance (consequently more severely demented patients)
the integrity of corticocortical tracts. In this context, the showed deficits affecting the different components of the
attentional/executive disorders associated with AD would phonological loop. On the other hand, both subgroups of
result from a disruption in the exchange of information be- (less and more demented) AD patients showed deficits af-
tween neuronal networks linked by corticocortical tracts. fecting central executive functioning and the contribution
For example, Azari et al. (1992) proposed that the loss of of long-term memory to span performance. Thus, these
functional connectivity observed in AD between frontal data indicate that high-span level and less demented pa-
and parietal cortices might explain the attentional deficits tients have impairments involving executive processes as
of these patients. well as the integration of different types of information
Considering the working memory (phonologicalloop (especially information stored in long-term and working
and central executive) deficits observed in AD patients, we memory), while the low-span level and more demented pa-
proposed a possible trajectory of cognitive impairment in tients showed deficits involving more basic and automatic
AD, with an early stage being the consequence of discon- processes. Globally, these results support Fabrigoule
nection mechanisms (Collette et al., 1999a). That study etal.’s (1998) view that there exists an early impairment of
was based on Baddeley’s (1986) working memory model the control process in AD, the automatic processes (such
and examined the integrity of the phonological loop and as those involved in phonological loop functioning) being
central executive components of working memory in a affected later in the disease. In addition, it was suggested
group of mild to moderate AD patients. Since the phono- that the executive dysfunction observed in less demented
logical loop functioning is considered to be relatively au- AD patients might be partly due to a breakdown in connec-
tomatic whereas the central executive is involved in con- tions between the main cortical association areas (Collette
trol processes, we hypothesized that AD patients in the et al., 1999a).
first stages of the disease would exhibit impairments in Episodic memory is another relevant cognitive do-
tasks assessing the central executive with a preservationrmain with regard to disconnections in AD. Episodic mem-
of the phonological loop’s subcomponents (phonological ory is dedicated to the long-term storing of personally
store and articulatory rehearsal mechanism). The artic- experienced events and episodes associated with a partic
ulatory rehearsal mechanism and the phonological storeular spatial and temporal context. The existence of mem-
were examined by comparing the span performance for ory disorders is clearly the most prevalent and promi-
short and long words and for phonologically similar and nent feature of the early stages of AD (Collette et al.,
dissimilar words. The contribution of long-term memory 2003). Recent studies indicate that episodic memory is
to span performance was explored by comparing the spansubserved by a large network of cerebral regions (includ-
performance for words and non-words. A superiority of ing the hippocampus formation, frontal areas, temporal-
the performance for words versus non-words span tasksparietal association cortex, the cerebellum, and the ante-
would reflect this contribution. Two tasks were used to rior cingulate cortex; Nyberg and Cabeza, 2000; Van der
evaluate the central executive functioning: the alpha spanLinden et al., 2001). Consequently, defective connections
task (Belleville et al., 1998) and the dual task paradigm between the different regions of the network might cause
proposed by Greene et al. (1995). The alpha span taskepisodic memory deficits in early AD. In this prospect,
compared the recall of information in serial order (im- Schioder et al. (2001) have obtained results suggesting
plying only the temporary storage of information) or in that memory dysfunction in AD results from a deviant
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pattern of cortical activity rather than a specific perturba- created through the disruption of afferent/efferent rela-
tion of one single area. According to this study, a right tions between brain areas. This situation is particularly
prefronto-temporal network would potentially underlie well illustrated looking at the distribution of the neu-
the AD memory deficits. In the same vein, Lekeu et al. ropathological markers of AD in the hippocampal forma-
(2003) explored the brain correlates of free versus cuedtion. Indeed, these markers are found in areas serving as
recall performance in AD patients using an adaptation gateways between the hippocampal formation and the rest
(Van der Linden et al., in press) of the Free and Cued Se- ofthe brain. As a consequence, the hippocampal formation
lective Reminding procedure developed by Grober and is isolated from the rest of the brain. Besides these neu-
Buschke (1987). Statistical parametric mapping (SPM ropathological data, other evidence supporting a discon-
99) was used to establish clinico-metabolic correlations nection perspective comes from neurophysiological and
between performance at free and cued verbal recall, andneuroimaging studies showing abnormal functional con-
resting brain metabolism in 31 AD patients. The re- nectivity in AD patients. In these studies, a loss of func-
sults showed that the patients’ performance on free recall tional connectivity has been displayed by a decreased EEG
was related to metabolic activity in right frontal regions or MEG coherency in AD as well as with magnetic reso-
[Brodmann's area (BA) 10 and BA 45], suggesting that nance diffusiontensorimaging and PET techniques (either
performance reflected a strategic retrieval attempt. Poor at rest or while the subject performed a task). In particular,
retrieval performance in AD was attributed to a loss some studies have focused on interhemispheric relations
of functional correlation between medial temporal and and have evidenced a disruption of interhemispheric con-
frontal regions in AD patients. Indeed, interregional cor- nectivity by these electrophysiological and neuroimag-
relations analyses revealed greater correlations in elderlying techniques. Moreover, these callosal disconnec-
controls than in AD patients between the right inferior tions are also supported by neuropsychological data in
frontal gyrus and left middle frontal gyri, right infe- AD patients.
rior temporal gyrus, right inferior parietal lobule and left More generally, many neuropsychological findings
parahippocampal gyrus. Scores of AD patients on the cuedindirectly suggest that disconnections might explain part
recall task were correlated to residual metabolic activity of the symptomatology of AD. According to Arendt
in bilateral parahippocampal regions (BA 36), suggesting (2001), AD would consist in a breakdown of mechanisms
that AD patients’ performance reflected retrieval of se- regulating modifications of synaptic connections, which
mantic associations without recollection. Indeed, imaging play a crucial role in the “higher order” (cognitively de-
data have shown that acquisition of new semantic associ-manding) functions of the brain. In the author’s view, cere-
ations would depend on surrounding hippocampal struc- bral organization of mental activity is based on the combi-
tures (perirhinal, parahippocampal and entorhinal regions) nation of flexible and rigid connections. Rigid connections
while the hippocampus along with frontal areas would ensure the stability of the principal characteristics of func-
support the acquisition of the episodic (contextual) infor- tions while flexible connections determine the “unique,
mation (Tulving and Markowitsch, 1998). More specifi- non repeatable characteristic of an experienced mental
cally, in the cued recall part of the task, AD patients would act” (p. 725). These flexible connections are responsible
thus produce the first item semantically associated that for the high degree of structural plasticity, which is found
came to mind and would not have access to the contextualin brain regions involved in higher order functions such
features of the target item to check the information. In as the hippocampus, neocortical association areas and the
conclusion, it would appear that memory deficits in early cholinergic basal forebrain neurons. As we have seen be-
AD patients might be due to a dysfunctioning affecting fore, these latter structures are also those that display a
the medial temporal structures as well as to a lack of con- strong vulnerability in AD. Consequently, Arendt formu-
nectivity between these regions and frontal areas. lated the problems of AD as a disruption of the brain’s
capacity to modify its own structural organization and
“functioning as an adaptive response to functional de-

CONCLUSIONS mands” (p. 728). This view clearly emphasizes the role
of connections in AD pathology.
Numerous neuropathological, neurophysiological, Applications of the disconnection hypothesis to the

and neuroimagery data are consistent with the existence ofunderstanding of AD still need to be developed. Neuropsy-
a disconnection disorder in AD. Neuropathological mark- chological studies on this topic are still few and only con-
ers of AD seem to be selectively distributed within the cerned with the interhemispheric aspect of connectivity.
brain and to coincide with the beginnings and endings Lakmache et al. (1998) have provided evidence of disrup-
of corticocortical tracts. Consequently, a disconnection is tion of interhemispheric connections in AD compared to
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controls. However, these interhemispheric relations need might be, at least in part, the consequence of a disconnec-
further investigation. In this regard, a differential diagno- tion problem. In short, studies of functional connectivity
sis perspective has to be adopted in this interhemisphericin AD patients performing a task are not only interest-
evaluation. Indeed, MRI studies have shown a character-ing for bringing to light a disconnection problem in AD,
istic pattern of callosal atrophy in AD dementia compared but are also informative regarding the complex nature of
to other types of dementia (Lyoo et al., 1997; Yamauchi normal brain functioning.
et al.,, 2000). Therefore, neuropsychological studies Another promising technique regarding connectivity
should evaluate other dementias with interhemispheric istranscranial magnetic stimulation (TMS), whichis a safe
tasks to isolate a typical pattern of interhemispheric tasks and non-invasive method for the stimulation of cortical ar-
in AD. However, these neuropsychological studies should eas through the scalp and the disruption of processing for
be not only focused on interhemispheric relations but brief periods, thus creating a temporary, “virtual brain le-
also on intrahemispheric connectivity. The exploration sion.” The combination of TMS with neuroimaging tech-
of intrahemispheric connectivity in AD would probably niques offers atool for assessing the state of the functional
pass through a better understanding of the role of the connectivity by studying the distributed effects of TMS on
heteromodal cortices and should lead to the creation of the neuronal networks involved in a specific behavior (for
tasks specially designed to assess the integrity of theseareview on TMS, see Pascual-Leone et al., 2000). For ex-
cortices. ample, Mottaghy et al. (2000) have applied repetitive tran-
In these future connectivity studies, special attention scranial magnetic stimulation while subjects performed a
should also be given to aging as age-related differencesworking memory task. Applying these stimulations to the
have been observed on interhemispheric relations (for adorsolateral prefrontal cortex (DLPFC), they observed dy-
review, see Reuter-Lorentz and Stanczak, 2000) and in-namical changes in a network of interacting cerebral areas
trahemispheric connectivity. MRI studies have reported (repetitive stimulations to the right DLPFC significantly
specific age-related effects on the corpus callosum (see,decreased activity in right prefrontal and bilateral pari-
for example, Janowski et al., 1996), particularly in the an- etal areas) as well as behavioral changes (significant de-
terior region (Weis et al., 1991). From a cognitive point crease of working memory performance). These results
of view, aging has also been associated with differencesrevealed the interest of this method for studying work-
in interhemispheric relations. For example, Moes et al. ing memory organization. This method might be informa-
(1995) have shown that healthy elderly participants have tive about the working memory disruption in AD because
a significantly poorer performance than young controls the TMS technique allows a connectivity view of brain
on a bimanual coordination task similar to the one used functioning.
by Lakmache et al. (1998) in their study on AD patients. In conclusion, disconnection is a plausible explana-
Furthermore, aging effects on intrahemispheric connec- tion for some of the cognitive deficits observed in AD
tivity should also be taken into account. Cabeza et al. such as episodic memory or executive function impair-
(1997) have shown reduced functional connectivity in the ment, as well as difficulties that AD patients encounter
elderly compared to young participants while they were in their daily lives. Indeed, efficient connections between
performing an episodic memory task. They consequently different cortical areas are even more important in daily
interpreted age-related memory problems in terms of dis- life than in the deliberately simplified laboratory settings.
connection. Using diffusion tensor imaging, O’Sullivan For instance, numerous dual task situations are present in
et al. (2001) also argue that a mechanism of age-relateddaily life and thus problems resulting from an impairment
cognitive decline would be the reduction in integrity of atthis level will have important repercussions on the qual-
white matter tracts. ity of the patient’s life. More generally, behavioral distur-
Further interesting studies related to this disconnec- bances in AD might also be attributed to a disconnection.
tion topic are neuroimaging studies. In these studies, func- In a paper about frontal-lesioned patients, Baddeley et al.
tional connectivity analysis should be more systematically (1997) observed that patients showing dual-task impair-
performed on neuroimaging results obtained in AD. The ment also evidenced more important behavioral disorders.
interest of these analyses is particularly evident in Grady Moreover, we have hypothesized that the central executive
et al.’s (2001) study described earlier. These analyses ex-dysfunction (resulting in difficulty to perform two tasks si-
amining functional connectivity have revealed the role of multaneously) would result from a disconnection process.
the hippocampus in the memory performance of normal Therefore, the disconnection hypothesis might also offer
controls and the absence of correlation between the righta background for discussing the behavioral problems ob-
prefrontal cortex and the hippocampus in AD patients, served and the difficulties encountered in the daily life of
which suggests that AD performance on the memory task these AD patients.
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