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a  b  s  t  r  a  c  t

Atrophy  of  the  medial  temporal  lobe,  especially  the  hippocampus  and  the  parahippocampal  gyrus,  is
considered  to  be  the most  predictive  structural  brain  biomarker  for Alzheimer’s  Dementia  (AD).  However,
recent  neuroimaging  studies  reported  a possible  mismatch  between  structural  and  metabolic  findings,
showing  medial  temporal  lobe  atrophy  and  medial  parietal  hypoperfusion  as  biomarkers  for  AD. The  role
of the  parietal  lobe  in the  development  of  AD is  only  recently  beginning  to attract  attention.  The  current
review  discusses  parietal  lobe  involvement  in the  early  stages  of AD,  viz.  mild  cognitive  impairment,
ild cognitive impairment
lzheimer’s disease
euroimaging
isconnection

as  reported  from  structural,  functional,  perfusion  and  metabolic  neuroimaging  studies.  The  medial  and
posterior  parts  of  the  parietal  lobe  seem  to  be  preferentially  affected,  compared  to  the  other  parietal  lobe
parts. On  the  basis  of  the reviewed  literature  we propose  a  model  showing  the  relationship  between  the
various pathological  events,  as  measured  by  different  neuroimaging  techniques,  in the development  of
AD. In  this  model  myelin  breakdown  is  a beginning  of  the  chain  of  pathological  events  leading  to AD

pathology  and  an AD diagnosis.

©  2011  Elsevier  Ltd.  All  rights  reserved.
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. Introduction

Alzheimer’s disease (AD), the most common cause of dementia,
s characterized by an insidious decline in memory, later affecting
anguage, visuospatial perception, arithmetic abilities and execu-
ive functioning. Behavioral and psychiatric symptoms have also
een frequently reported (Cummings, 2004). AD is characterized by
oth the accumulation of extracellular amyloid plaques and intra-
ellular neurofibrillary tangles (tau pathology) leading to regional
euronal loss, cortical atrophy and cognitive decline (Braak and
raak, 1991, 1996). Histological studies have shown that neurofib-
illary tangle formation occurs in a well-defined order, starting in
he medial temporal lobe early in the disease and subsequently
rogressing towards the lateral temporal and association parietal
ortices, the prefrontal cortices and finally the motor and sensory
reas (Braak and Braak, 1996). By contrast, amyloid plaques first
ffect the posterior association cortices in the earliest stage of the
isease. The medial temporal lobe areas might then be affected, but
his is not very common in the early stages of AD (Braak and Braak,
991, 1996; Thal et al., 2002).

The amyloid cascade hypothesis has been dominating AD
esearch to date (Korczyn, 2008), stating that extracellular amy-
oid plaques formed by aggregates of amyloid beta (Abeta) peptide,
re central to the AD pathology. In view of the evidence that amy-
oid deposition most commonly starts in the association neocortex
Braak and Braak, 1991, 1996; Thal et al., 2002), it is therefore rather
urprising that the extant literature mainly focuses on pathology in
he medial temporal lobe.

While different neuroimaging methods have shown that hip-
ocampal and parahippocampal atrophy could predict conversion
rom MCI  to AD (de Leon et al., 2007; Dickerson and Sperling, 2009;
chavarri et al., 2010; Jacova et al., 2008; van de Pol et al., 2009),
he results so far have been equivocal. Medial temporal lobe atro-
hy has a low specificity, since it has also been observed in patients
ith other neurodegenerative diseases, such as Lewy Body demen-

ia or Parkinson Disease (Barkhof et al., 2007) and even in healthy
ging (Kaye et al., 1997; Raz et al., 2005). Besides grey matter atro-
hy, loss of regional white matter tissue in the medial temporal

obe areas (Jovicich et al., 2009; Naggara et al., 2006; Salat et al.,
009) has also been associated with AD. Functional imaging stud-

es have shown that medial temporal lobe hyperactivation could be
 possible biomarker for AD.

Metabolic imaging studies, however, have revealed a major
iscrepancy with the above structural and functional studies.
etabolic dysfunction is most frequent reported in tempoparietal

ssociation areas, in which hypometabolism in the medial parietal
reas appears to be more accurate in discriminating AD patients
rom control participants (Imabayashi et al., 2004; Ishii et al., 2005;
agust et al., 2002; Villain et al., 2010b).  As for metabolic changes in
he medial temporal lobe regions, the findings are less clear, sug-
esting that the temporal lobe is of less value (Encinas et al., 2003)

nd that metabolic changes in the medial temporal lobe areas are

 better predictor than metabolic changes in the medial parietal
reas (Caroli et al., 2007; Karow et al., 2010; Nobili et al., 2009). The
edial parietal areas are considered to be the centre of metabolic
changes (Jagust et al., 2002; Villain et al., 2010b; Zhang et al., 2011).
Thus, there might be a mismatch between structural and metabolic
findings (Buckner et al., 2005; Caroli et al., 2010; Hunt et al., 2007;
Ishii et al., 2005; Klunk et al., 2004; Matsuda, 2007; Villain et al.,
2010b). Understanding this mismatch requires a better compre-
hension of the relevance of the posterior association areas and their
connectivity with the rest of the brain.

This overview summarizes the evidence of structural, functional
and metabolic changes in MCI  or prodromal AD patients based on
the recent neuroimaging literature, with a special focus on poste-
rior association regions, more specifically the parietal lobe areas.
Our review of the literature also investigated which parietal region
appears to be the most relevant in the development of AD, based
on the research results that have been reported.

2. Methods

2.1. Search strategy and selection criteria

Research papers dating from January 2000 to September 2010
were identified in PubMed using the following search terms: {“mild
cognitive impairment” or “prodromal Alzheimer” or “predementia
Alzheimer”} and {“parietal” or “precuneus” or “posterior cingu-
late” or “retrosplenial”} and depending on the imaging technique
reviewed: {“grey/gray matter” or “white matter” or “functional
MRI” or “SPECT” or “PET”, or “metabolic”}. Searches were limited
to papers written in English. Studies that solely focused on one sin-
gle brain region of interest, e.g., the medial temporal lobe, were
excluded. Because of our focus on parietal lobe regions, at least one
parietal lobe structure had to be involved in the results among other
cortical regions. Histological or EEG studies were not included.

In addition to a semi-systematic search in PubMed, we  also per-
formed hand searching based on reported citations identified to be
of interest.

2.2. Data analysis

The articles included in our review are summarized in the
tables provided in the supplemental data. We  reviewed the data
qualitatively and did not perform any quantitative meta-analysis,
because different techniques were compared (Region of Interest
(ROI), whole brain, different neuroimaging techniques). Comparing
findings based on different techniques and analyses methods quan-
titatively would not result in highly reliable results. We  reviewed
the specific parietal lobe area that was involved in each study, but
not left-right differences or lateralization.

3. Structure of this review

We first summarize the neuroanatomy and functions of the
parietal lobe. Then we review the results of the semi-systematic

literature search, categorized by neuroimaging technique: struc-
tural, functional and metabolic neuroimaging studies. By taking
this approach, we did not aim to play down the importance of
the medial temporal lobe, but we  wanted to highlight the high
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elevance of the parietal lobe in the earliest stages of the disease.
e also wanted to examine which parietal area is most commonly

ssociated with MCI. We  focused on studies using either a multiple
OI approach or a whole brain approach. Furthermore, we  limit our
iscussion to studies comparing controls with either MCI  patients,
rodromal AD patients or participants with cognitive decline, since
ll three categories of individuals are considered to be suscepti-
le to AD and this information can thus be of direct relevance for
tudies investigating diagnostic and therapeutic aims. We do not
ocus on the comparison between healthy controls and AD, since
he brain changes in full-blown AD are no longer region-specific,
ut widespread. The tables (see Supplemental Data) present an
verview of the reviewed studies together with the location of the
esults with respect to the parietal lobe. The nature of the findings
increased or decreased tissue, activation or perfusion) is discussed
n the text. Note that this overview of the extant literature is not
xhaustive, although we have tried to include the most relevant
tudies. The conclusion summarizes the findings within and across
he various neuroimaging techniques. Based on these findings, we
nally present a model describing the chain of pathological events

eading to Alzheimer’s dementia.

. Parietal lobe structure and function

.1. Parietal lobe structure

The parietal lobe is the region of the cerebral cortex underlying
he parietal skull bone. The anterior border of the parietal lobe is
ormed by the central sulcus and the marginal ramus. The posterior
order can be defined by a line along the sulci from the parieto-
ccipital sulcus into the preoccipital notch. The ventral border can
e defined by the insula and a line from the tip of the lateral fissure
erpendicular to the curvilinear line from the parieto-occipital sul-
us towards the preoccipital notch. The parietal lobe includes the
osterior cingulate cortex, so the medial border is at the bottom of
he callosal sulcus. The medial border between the parietal cortex
nd the posterior cingulate cortex is formed by the splenial or sub-
arietal sulcus. The retrosplenial cortex is often considered part of
he posterior cingulate gyrus (Jones et al., 2006).

The parietal lobe can be subdivided into the postcentral gyrus
more or less equivalent to the Brodmann Areas (BA) 1, 2 and 3),
he superior parietal lobule (∼BA 5 and 7), the parietal operculum
∼BA 43), the inferior parietal lobule formed by the angular gyrus
∼BA 39) and the supramarginal gyrus (∼BA 40), the precuneus
∼BA 7 mesial and a small part of BA 31), the posterior cingulate
ortex (∼BA 23 and part of BA 31), the retrosplenial cortex (∼BA
6, 29 and 30) and the posterior part of the paracentral lobule (BA
1) (Nieuwenhuys et al., 2008; Uylings et al., 2005). Functionally,
he parietal lobe is often divided into an anterior (BA 1, 2, 3 and 43)
nd a posterior part (BA 5, 7, 39, and 40). These parts are also often
eferred to as the somatosensory cortex and the posterior parietal
ortex, respectively (Fig. 1).

The medial part of the posterior parietal cortex, i.e., the pre-
uneus, has bilateral reciprocal connections with the posterior
ingulate retrosplenial cortices, but also with the other pari-
tal areas, frontal areas (frontal eye fields, dorsolateral prefrontal
ortex, premotor area, supplementary motor area and anterior cin-
ulate cortex), the superior temporal sulcus, the thalamus, the
triatum and the brainstem. Interestingly, the precuneus has no
onnections with the somatosensory cortex (Cavanna and Trimble,
006). The posterior parietal cortex is highly connected with the
refrontal cortex (mainly BA 46, the dorsolateral prefrontal cortex),

nd is also connected with the paralimbic cortex, the hippocampus,
he parahippocampal gyrus and the thalamus (Rushworth et al.,
006). The posterior parietal cortex can therefore be regarded as a
olymodal area.
avioral Reviews 36 (2012) 297–309 299

Different fiber bundles connect the posterior parietal cortex
with the temporal lobe: one (i.e., the middle longitudinal fas-
ciculus) from the inferior parietal lobule to the rostral middle
and caudal portions of the superior temporal region, one to the
parahippocampal area, and one (partly along the cingulum) to the
presubiculum.

Fibers from the posterior parietal cortex travel along the
superior temporal sulcus, the geniculocalcarine tract, the parahip-
pocampal area and the cingulum. The cingulum fibers extend
caudally to the parahippocampal gyrus and the presubiculum
(Makris and Pandya, 2009; Makris et al., 2009; Seltzer and Pandya,
1984). The superior longitudinal fasciculus (SLF) connects the pos-
terior parietal cortex with the prefrontal cortex. This tract consists
of three parts: the SLF1, SLF2 and SLF3 (Schmahmann et al., 2007).
The SLF1 connects the superior parietal lobule with premotor and
dorsolateral prefrontal areas. The SLF2 connects the inferior pari-
etal lobule with the dorsolateral prefrontal cortex. This almost
coincides with the areas innervated by the fronto-occipital fas-
ciculus. The SLF3 connects the inferior parietal lobule and the
intraparietal area with the premotor, inferior prefrontal and dor-
solateral prefrontal cortices. The SLF1 is believed to be involved in
higher order motor behavior, while the SLF2 and SLF3 have been
linked to visual attention and working memory. The posterior pari-
etal cortex (BA7, 39, and 40) is also innervated by the dorsal part
of the splenium (Chao et al., 2009; Makris et al., 2005; Mori et al.,
2005; Schmahmann et al., 2007).

4.2. Parietal lobe functions

Structures within the parietal lobe are thought to bear a spe-
cific relation to a variety of cognitive functions. Some of them
have to do with spatial information processing, but also non-spatial
functions of the parietal lobe have been described (Cabeza, 2008;
Husain and Nachev, 2007). The exact functional parcellation of the
parietal lobe is still under debate (Culham and Kanwisher, 2001).
The somatosensory cortex is primarily involved in somatic sen-
sations and perceptions, while the posterior parietal cortex plays
an important role in integrating sensory input from the somatic
and visual regions. It also has a role in directing movements in
space and detecting stimuli in space. Furthermore, the posterior
parietal cortex is part of the dorsal stream and is important for
spatial processing. It is also involved in selective attention, indepen-
dent of modality, and in spatial and non-spatial working memory.
Involvement in other important simple and complex functions and
processes have been described, notably arithmetic, reading, men-
tal rotation, mental imagery, response inhibition, task switching
and the manipulation of visual images (Husain and Nachev, 2007;
Zacks, 2008). Also pain processing and meditation have been asso-
ciated with medial parietal lobe activation (Cavanna and Trimble,
2006). The superior parietal lobule and supramarginal gyrus are
involved in the visual guidance of the movements of hands, fin-
gers, limbs, head and eyes. The angular gyrus plays an important
role in processes relating to spatial cognition. The intraparietal
sulcus, i.e., the border between the superior and inferior parietal
lobule, has been associated with saccadic eye movements, atten-
tion, reaching, grasping, tactile manipulation of objects, observing
hand movements, passive tool use, object matching and object size
and orientation discrimination (Gottlieb, 2007; Grefkes et al., 2004,
2002; Pellijeff et al., 2006; Tunik et al., 2007). The precuneus has
been suggested to play a role in visuo-spatial imagery, episodic
memory retrieval and self-consciousness (Cavanna and Trimble,

2006; Vogt et al., 2006).

Recent studies have parcellated the functions of the parietal
lobe in greater detail (Caspers et al., 2006; Eickhoff et al., 2006a,b;
Grefkes and Fink, 2005; Sack, 2009; Scheperjans et al., 2008).
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.3. Relevance of the parietal lobe to neuropsychological deficits
n AD

Early AD is primarily characterized by episodic memory func-
ions, but other memory impairments, such as semantic memory
mpairments can also be present (Cummings, 2004; Lindeboom
nd Weinstein, 2004). Memory problems in AD have received a
reat deal of attention. However, early AD is also characterized
y subtle language deficits, visuo-spatial dysfunctions and impair-
ents in executive functions (Cummings, 2004; Lindeboom and
einstein, 2004). In view of the prominent memory problems,
any studies have focused on medial temporal lobe changes in
D (Dickerson and Sperling, 2008). However, the parietal lobe also
lays a role in memory retrieval (Cabeza et al., 2008). Furthermore,
ther cognitive functions associated with parietal lobe functions
re impaired in early AD, e.g., attention, naming or executive dys-
unctions (Lindeboom and Weinstein, 2004).

The involvement of the parietal lobe in neurodegenerative dis-
ases such as AD is likely to be due to the strong connectivity
etween the parietal lobe and other brain areas, and to the wide
ange of cognitive functions relying on parietal lobe functioning.

. Involvement of the parietal lobe during conversion from
CI  to AD in neuroimaging studies

.1. Structural neuroimaging

.1.1. Grey matter studies
Table 1 (see Supplemental Data) summarizes the findings with

espect to grey matter loss in the parietal lobe in MCI patients. Most
tudies (n = 10 out of 20) so far have used a voxel-based morphom-
try (VBM) approach, and far fewer have applied cortical thickness
nalyses (n = 6), a technique that gained popularity in recent years.

Studies comparing MCI  patients with controls at one particular
ime point have reported varying results. Grey matter loss in MCI
roups has been found in the following regions: the precuneus,
upramarginal gyrus, angular gryus, superior parietal lobule, para-
entral lobule posterior cingulate cortex and inferior parietal lobule
Chetelat et al., 2002; Hamalainen et al., 2007b; Pennanen et al.,
005; Scahill et al., 2002; Singh et al., 2006; Wang et al., 2009).
his was found regardless of the technique used, whether vol-
metry, cortical thickness analyses or VBM. Taken together, these
tudies indicated that patients with mild cognitive impairment
how grey matter loss in the posterior parietal cortex, compared
o healthy counterparts. These patterns might differ depending on

he subgroup of mild cognitive impairment. Few studies (n = 3) have
nvestigated differences in grey matter loss between single domain
mnestic MCI  patients and multi-domain MCI  patients. Since the
attern of grey matter loss in the multi-domain MCI  group is more
are shown: the somatosensory cortex (yellow), the superior parietal lobule (pink),
posterior cingulate gyrus (purple). The supramarginal and the angular gyri together
e legend, the reader is referred to the web version of the article.)

widespread, but overlaps with that in the amnestic MCI group, it has
been suggested that multi-domain MCI  might be a stage in the con-
tinuum between amnestic MCI  and AD (Fennema-Notestine et al.,
2009).

Amnestic MCI  has been associated with grey matter loss in the
inferior parietal lobule, the precuneus, the superior parietal lobule,
the posterior cingulate cortex (Apostolova et al., 2007; Fennema-
Notestine et al., 2009) and the angular gyrus (Saykin et al., 2006).
In addition, multi-domain MCI  has been associated with corti-
cal thinning in the inferior parietal lobule, the precuneus, the
posterior cingulate cortex, the retrosplenial cortex, the superior
parietal lobule, the supramarginal gyrus and the paracentral lobule
(Fennema-Notestine et al., 2009; Seo et al., 2007).

Other studies have also investigated grey matter differences in
relation to the severity of the disease, either by comparing patients
with different scores (n = 1) (McDonald et al., 2009), or by mak-
ing longitudinal comparisons, in terms of conversion rates to AD
(n = 10). One study compared different stages of the disease, based
on Clinical Dementia Rating (CDR) scores of patients and found a
negative relationship between severity and grey matter volumes in
the superior parietal lobule and the supramarginal gyrus. The grey
matter volumes of the inferior parietal lobule and the precuneus
were reduced even in the early stages (McDonald et al., 2009).
Longitudinal studies that investigated possible conversion to AD
showed grey matter loss in the superior parietal lobule, the supra-
marginal gyrus, the angular gyrus, the precuneus, the posterior
cingulate gyrus, the retrosplenial cortex, and the inferior parietal
lobule (Bakkour et al., 2009; Bozzali et al., 2006; Chetelat et al.,
2005; Desikan et al., 2009, 2008; Hamalainen et al., 2007b; Julkunen
et al., 2009; Karas et al., 2008; Whitwell et al., 2008). The most con-
sistent finding in these studies was  atrophy of the precuneus and
inferior parietal lobule. However, the suggestion that parietal lobe
atrophy is associated with conversion to AD and is not present in
the very early stages of AD, possibly before MCI, is contradicted by
studies investigating individuals without an MCI  diagnosis. Such
studies, comparing individuals without a diagnosis of MCI  or AD,
but with cognitive complaints or cognitive decline, have already
shown involvement of the posterior parietal lobe, more specifically
the angular gyrus (Saykin et al., 2006; Smith et al., 2007; Tisserand
et al., 2004).

Overall, these studies show that the somatosensory cortex is
least affected in MCI, and the precuneus/posterior cingulate gyrus
is most commonly affected.

5.1.2. White matter studies

Most studies (n = 14 out of 17) examining the white matter in

patients with mild cognitive impairment have used diffusion tensor
imaging (DTI). DTI is a method for quantitative evaluation of white
matter tissue microstructure at each imaging voxel throughout the
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rain and might be more sensitive to subtle white matter dam-
ge affecting cognition (Burgmans et al., 2009; Vernooij et al.,
009). Three different approaches are widely used: the ROI-based
pproach (n = 8), the voxel-based approach (n = 3) and Tract-Based
patial Statistics (TBSS) (n = 3). Each approach has its advantages
nd disadvantages, which were recently described (Chua et al.,
008). So far, a comparison between amnestic and non-amnestic
CI  patients on the one hand and controls on the other has not

ielded consistent differences (see Supplemental Data, Table 2).
hite matter integrity in MCI  patients, regardless of the type,

s compromised in several tracts innervating the parietal lobe:
he splenium, the superior longitudinal fasciculus, the inferior
ongitudinal fasciculus, the posterior cingulate fibers and the occip-
tofrontal fasciculus (Bai et al., 2009b; Bosch et al., 2010; Cho et al.,
008; Chua et al., 2008; Huang and Auchus, 2007; Huang et al.,
007; Liao et al., 2010; Medina et al., 2006; Parente et al., 2008;
ose et al., 2006; Scola et al., 2010; Stahl et al., 2007; Teipel et al.,
010). Furthermore, several studies (n = 7) have reported reduced
hite matter integrity in the normal appearing parietal white mat-

er (Bai et al., 2009b; Huang and Auchus, 2007; Huang et al., 2007;
iao et al., 2010; Medina et al., 2006; Rose et al., 2006; Stahl et al.,
007). These patterns were independent of the DTI technique used.

It should be noted that some other studies were unable to find
ifferences between control participants and MCI patients, in terms
f parietal white matter (Balthazar et al., 2009; Kantarci et al.,
001). This could be due to the sample size, the fact that the pari-
tal lobe was not selected as an ROI, or because the description
f the results was not detailed enough (e.g., centrum semi-ovale
r total white matter). Recently, a few studies (n = 2) investigated
hite matter differences between cognitively healthy older par-

icipants and MCI  patients in more detail, beyond the tracts. Apart
rom the affected tracts documented earlier, these studies showed
oss of white matter integrity in the superior parietal lobule, the
recuneus, the angular gyrus and the supramarginal gyrus (Bai
t al., 2009b; Zhuang et al., 2010). Only a few studies (n = 4) were
ound that used other techniques than DTI. Studies using VBM
ave shown less white matter density in the angular gyrus, the
aracentral region and postcentral white matter in MCI  patients
Teipel et al., 2010; Wang et al., 2010). A study using magneti-
ation transfer imaging, a technique able to estimate structural
amage in the brain, found a reduced white matter height peak

n the parietal white matter in MCI  patients (van Es et al., 2006).
ess white matter volumes in very mild AD patients were found in
he inferior parietal lobule, the superior parietal lobule, the supra-

arginal gyrus, the somatosensory cortex, the precuneus and the
etrosplenial cortex compared to healthy counterparts (Salat et al.,
009). Finally, parietal white matter hyperintensities (WMH)  are
ery prominent in MCI  patients (Targosz-Gajniak et al., 2009). Most
tudies investigating WMH  divide such abnormalities into subcor-
ical and periventricular WMH,  rather than by lobe or region. In
ur own work, we showed that parietal WMH  could differentiate
ognitively declining from non-declining MCI  patients (Jacobs et al.,
010). We  did not identify any studies investigating WMH  volumes

n specific brain regions, such as parietal lobe regions.
Overall, these white matter studies suggest a widespread pat-

ern of loss of white matter volume or integrity, affecting all parietal
reas and many tracts connecting these areas.

.2. Functional neuroimaging

.2.1. Resting state activity studies
The default mode network comprises a group of brain regions

encompassing the posterior cingulate cortex, the adjacent

recuneus, retrosplenial cortex, inferior parietal cortex, medial
refrontal cortex and sometimes also the medial temporal lobe

 which is active during rest and deactivates during externally
avioral Reviews 36 (2012) 297–309 301

oriented tasks (Andrews-Hanna et al., 2010; Buckner et al., 2008;
Greicius et al., 2003; Raichle et al., 2001). Comparisons between MCI
patients and healthy controls regarding parietal lobe differences
have consistently shown a reduced deactivation of the inferior pari-
etal lobule, the posterior cingulate gyrus, the retrosplenial cortex,
and the precuneus (Bai et al., 2008; Koch et al., 2010; Pihlajamaki
and Sperling, 2009; Qi et al., 2010; Sorg et al., 2007) Several stud-
ies (n = 5) reported loss of connectivity or even no connectivity
between the posterior cingulate cortex and other brain regions,
such as the medial temporal lobe, other parietal regions and the
prefrontal lobe regions (Bai et al., 2009a, 2008; Gili et al., 2010;
Koch et al., 2010; Sorg et al., 2007).

Overall, resting state studies in MCI  patients show reduced deac-
tivation and loss of connectivity in the precuneus and posterior
cingulate gyrus.

5.2.2. Task-related activity studies
Table 3 (see Supplemental Data) summarizes studies that found

task-related activation changes in MCI  patients for the parietal lobe.
Some studies (n = 2) summarized their parietal lobe findings at a
general level, without focusing on the different parts of this lobe
(Machulda et al., 2009; Rosano et al., 2005).

Increased activation in the precuneus in MCI  patients compared
to controls was found with visual and verbal episodic memory
tasks, visual and verbal working memory tasks, autobiographic
tasks, semantic memory tasks and visuospatial tasks (angle dis-
crimination) (Bai et al., 2009c; Bokde et al., 2010; Celone et al.,
2006; Dohnel et al., 2008; Petrella et al., 2007; Poettrich et al., 2009;
Vannini et al., 2007; Woodard et al., 2009; Yetkin et al., 2006). Most
of these memory tasks concerned encoding processes. Decreased
activation in the precuneus seems to be associated with retrieval
processes (Bokde et al., 2010; Johnson et al., 2006). The relevance of
the precuneus for memory has been suggested before and Goekoop
et al. (2004) showed that treating MCI  patients with galantamine,
a cholinergic drug, increased activation in the precuneus (Goekoop
et al., 2004). Apart from the precuneus, many studies (n = 6) also
found increased activation in the inferior parietal lobule (Bartres-
Faz et al., 2008; Bokde et al., 2006; Kircher et al., 2007; Leyhe et al.,
2009; Woodard et al., 2009; Yetkin et al., 2006), the posterior cin-
gulate gyrus (n = 5) (Bokde et al., 2010; Celone et al., 2006; Johnson
et al., 2006; Petrella et al., 2007; Woodard et al., 2009) the supe-
rior parietal lobule (n = 4) (Bartres-Faz et al., 2008; Bokde et al.,
2006; Leyhe et al., 2009; Vannini et al., 2007) and the supramarginal
gyrus (n = 3) (Kircher et al., 2007; Woodard et al., 2009; Yetkin et al.,
2006) in memory and non-memory tasks. Finally, encoding has also
been associated with increased activation in the intraparietal sulcus
(Hamalainen et al., 2007a).

Taken together, the studies showed that increased activity in the
precuneus clearly stands out as a universal finding, and is found
independent of method or task design. Memory processes show
a differential activation effect, i.e., encoding was  associated with
increased precuneal activation, while retrieval was associated with
decreased activation in the precuneus.

5.3. Metabolic neuroimaging

Table 4 (see Supplemental Data) summarizes studies showing
parietal involvement in MCI  using either SPECT or PET imaging
methods. Most SPECT studies (n = 11) have shown hypoperfusion
in MCI  patients compared to controls in the inferior parietal lob-
ule and the posterior cingulate cortex (Alegret et al., 2010; Borroni
et al., 2006; Caffarra et al., 2008; Hirao et al., 2005; Huang et al.,

2003, 2002; Ishiwata et al., 2006; Johnson et al., 2007; Nobili et al.,
2009, 2008; Pappata et al., 2010). So far, both cross-sectional and
longitudinal study designs have demonstrated hypoperfusion in all
parietal areas in MCI  patients. This means that group differences
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ere not only reported in the posterior cingulate cortex or the infe-
ior parietal lobule, but also in the precuneus, the angular gyrus and
he superior parietal lobule (Borroni et al., 2006; Devanand et al.,
010; Encinas et al., 2003; Hirao et al., 2005; Huang et al., 2003;

shiwata et al., 2006; Nobili et al., 2009, 2008; Pappata et al., 2010).
In dementia studies, PET imaging usually involves the investiga-

ion of glucose metabolism, through 18F-2-fluoro-2-deoxy-glucose
FDG) or tracers to identify amyloid deposition, usually the Pitts-
urg Compound B (PiB). Progression of dementia is associated with

 reduced metabolic rate of glucose or an increased uptake of PiB.
 reduced metabolic rate of glucose metabolism rate indicates
educed neuronal function or reduced synaptic activity, whereas
n increased PiB uptake reflects increased amyloid accumulation.
iB uptake correlates highly with CSF markers (Jagust et al., 2009).
verall, nearly every study using either or both of these methods

howed involvement of the posterior cingulate cortex. Comparable
o the SPECT findings, PET studies have found significant group dif-
erences in all parietal areas (Anchisi et al., 2005; Chen et al., 2010;
hetelat et al., 2003; Del Sole et al., 2008; Drzezga et al., 2003;
orsberg et al., 2008; Fouquet et al., 2009; Furukawa et al., 2010;
emppainen et al., 2007; Li et al., 2008; Morbelli et al., 2010; Nestor
t al., 2003a,b).

To summarize, these studies show hypoperfusion,
ypometabolism and increased amyloid accumulation in MCI
atients in all parietal areas, but most commonly in the posterior
ingulate gyrus and the inferior parietal lobule.

.4. Multimodal neuroimaging: MRI  and PET

The number of studies that combine MRI  and PET techniques
n early AD recently has grown (see Table 5, supplemental data)
n = 14) (Ishii et al., 2005; Jack et al., 2008; Karow et al., 2010;

orbelli et al., 2010; Walhovd et al., 2010a,b; Zhang et al., 2011)
nly few also included white matter measures (Villain et al., 2008,
010b; Walhovd et al., 2009). These studies showed grey matter
ifferences between the groups under investigation for all parietal
reas, also in longitudinal neuroimaging measurements (Matsuda
t al., 2002; Morbelli et al., 2010; Villain et al., 2010b). However,
hree studies did not found structural differences in the parietal
obe (Ishii et al., 2005; Morbelli et al., 2010; Zhang et al., 2011),

hich might indicate that the structural findings in the parietal
obe are less outspoken than in the temporal lobe (all these stud-
es found structural differences in the temporal lobe, however as
he temporal lobe is not part of our focus, we did not include these
esults in the table.). But the structural temporal changes corre-
ate with metabolic parietal changes, possibly indicating a remote
nteraction (Tosun et al., 2011; Villain et al., 2008, 2010b).  As for
he metabolic differences between the groups, effects were most
requently reported in the posterior cingulate gyrus (including the
etrosplenial cortex) and the precuneus (Chetelat et al., 2008; Ishii
t al., 2005; Jack et al., 2008; Karow et al., 2010; Morbelli et al.,
010; Villain et al., 2008, 2010b; Walhovd et al., 2009, 2010a,b;
hang et al., 2011).

. Discussion

.1. Involvement of the parietal lobe in various neuroimaging
tudies in early AD

This review examined studies of the involvement of the parietal
obe areas in early AD. For years the medial temporal lobe has been

he main research region of interest, because of the good predic-
ive value of structural measures derived from this region in MRI
tudies. In recent years, however, metabolic imaging results have
lowly shifted the focus towards the posterior association areas,
avioral Reviews 36 (2012) 297–309

because of the assumed mismatch with the structural MRI findings
discussed above.

Two main conclusions emerge from this review: (1) the pari-
etal lobe is clearly involved in the early stage of AD and (2) the
precuneus/posterior cingulate gyrus is the region most commonly
affected.

With regards to the first conclusion, structural, functional, per-
fusion and metabolic imaging methods have demonstrated that
areas within the parietal lobe show changes that indicate an ongo-
ing degenerative process. The mismatch often reported in the
literature implies that structural changes are most strong in medial
temporal lobe areas, whereas metabolic changes appear to be the
strongest and most prevalent in posterior parietal areas (Buckner
et al., 2005; Caroli et al., 2010; Hunt et al., 2007; Ishii et al., 2005;
Klunk et al., 2004; Matsuda, 2007; Villain et al., 2010b; Zhang et al.,
2011). This effect of metabolic dominance in the parietal lobe was
also present in most of the multimodal neuroimaging techniques
(except for example (Karow et al., 2010)). This difference could pos-
sibly be explained by a difference in the timing of the onset and peak
of the pathology. Amyloid deposition could lead to neuronal and
synaptic loss (Chetelat et al., 2010). Remarkably, studies of patients
with subjective cognitive impairment, had already found a direct
relationship between atrophy and amyloid deposition in the pre-
cuneus and posterior cingulate areas, but not in the hippocampus.
However, hippocampal atrophy correlated well with neocortical
amyloid deposition, suggesting that a cortico-hippocampal discon-
nection is already present in the earliest stages. These results have
been interpreted as two  different pathological processes: one in
which the metabolic changes, the deposition of amyloid, evolve in
a constant slow rate and reach a plateau phase very early in the dis-
ease, and one where the structural changes accelerate in the more
advanced stages (Chetelat et al., 2010). Such a two-phasic patho-
logical model suggests that metabolic changes precede structural
changes (De Santi et al., 2001; Jack et al., 2010). However, there
are other alternatives to this hypothesis. Other studies have sug-
gested that grey matter loss underlies metabolic changes (Jagust
et al., 2002; Karow et al., 2010) or that amyloid deposition is only
partially related to morphometric changes in AD (Fjell et al., 2010b).
It might also be that these brain alterations occur parallel as two
distinct effects, in which various brain regions have different sus-
ceptibilities to different pathological AD-related processes. Even if
these pathological processes would interact or activate a cascade of
events, several mechanisms can be considered. Distant white mat-
ter tract disruption as a result of wallerian degeneration causing
hypometabolism and/or grey matter atrophy could be considered,
but the opposite direction would also be possible. This suggests
that AD is rather related to remote mechanisms than local changes
(Jack et al., 2008; Tosun et al., 2011), but local changes of the vari-
ous processes should not be excluded (Villain et al., 2008, 2010b).
For example, the structural–metabolic discordance might result
from the fact that atrophy in the medial temporal lobe regions elic-
its compensatory sprouting in neighboring unaffected neurons in
order to maintain synaptic activity and connectivity. Such a plastic
response would result in milder metabolic changes than morpho-
logical changes in the medial temporal lobe areas (Ishii et al., 2005;
Matsuda et al., 2002).

Our second conclusion concerns the question whether there
is a differential involvement of the parietal lobe areas. Although
reviewing the different methods did not result in a clear-cut pat-
tern, we  can conclude that the somatosensory cortex is an area
which is the least affected in the early stages of Alzheimer’s disease
and that the precuneus and posterior cingulate gyrus are the most

commonly affected regions. The posterior cingulate/precuneus
areas have unique metabolic, connectivity and vascular characteris-
tics, which make them vulnerable for neurodegenerative processes
(McKee et al., 2006). Preservation of the somatosensory cortex is
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n agreement with the ‘first-developed last-atrophied” principle,
hich states that parietal areas that are the last to myelinate during
evelopment are the first to be affected by pathological processes
Bartzokis, 2004; Braak and Braak, 1996; Echavarri et al., 2010;
lechsig, 1920). The myelin sheath in these late developing areas is
hinner and has a different composition, making it more vulnerable
o toxic and pathological events (Bartzokis, 2004, 2009).

We can also conclude that even though grey matter structural
tudies have shown involvement of all parietal areas, the inferior
arietal lobule and precuneus are probably the first regions to show
trophy within the parietal lobe (Jacobs et al., 2011). This is based
n the finding that participants with cognitive complaints show
trophy in these parietal areas (see Supplemental Data, Table 1)
Saykin et al., 2006; Smith et al., 2007).

White matter integrity loss was found in many tracts innervat-
ng the parietal lobe, i.e., the superior longitudinal fasciculus, the
nferior longitudinal fasciculus, the fronto-occipital fasciculus, the
plenium and the posterior cingulate fibres, but all parietal lobe
reas also showed less white matter integrity. Our overview shows
hat there is a widespread pattern of white matter integrity loss,
uggesting that loss of white matter integrity precedes grey mat-
er atrophy (Bartzokis, 2004, 2009). The medial temporal lobe is
losely connected with the posterior cingulate gyrus (Damoiseaux
nd Greicius, 2009; Insausti and Amaral, 2008), and the loss of this
onnection may  well drive the loss of grey matter in the medial
emporal lobe (Desikan et al., 2010; Salat et al., 2010). Compara-
le hypothetical relationships between pathological events with

 preference for posterior regions have also been suggested by
uckner et al. (2005).  For this review, we could not find many stud-

es reporting specific changes in the retrosplenial cortex. This might
e due to the fact that the retrosplenial cortex is often included into
he posterior cingulate gyrus. However, because of its connectivity
ith the entorhinal cortex, this area deserves more attention in

uture studies (Nestor et al., 2003a).
This loss of connection between the medial temporal lobe areas

nd the posterior cingulate gyrus was confirmed by the reviewed
esting state studies (Bai et al., 2009a, 2008; Gili et al., 2010; Koch
t al., 2010; Pihlajamaki and Sperling, 2009; Qi et al., 2010; Sorg
t al., 2007). Reduced deactivation in the inferior parietal lob-
le, precuneus and posterior cingulate cortex was found in MCI
atients. But more importantly, these studies also reported loss
f connectivity between the posteriomedial brain regions, i.e., the
osterior cingulate gyrus and other brain regions, including the
edial temporal lobe areas, frontal and parietal regions in MCI

atients. This suggests that posterior connectivity alterations in the
efault mode network in early AD may  be due to structural white
atter changes.
The importance of the default mode network in understand-

ng neuroimaging findings can also be observed in the results
f the task-related functional imaging studies. In the reviewed
MRI studies, the precuneus, a posteriomedial brain region, is the
rea that emerges most often with respect to differences between
ognitively healthy older people and MCI  patients. Nonetheless,
ctivation changes in the other parietal areas were also reported.
ur overview shows a dissociation of activity in the precuneus.

ncreased activation was reported in patients with mild cogni-
ive impairment during memory encoding, while deactivation was
eported during memory retrieval processes. This is in contrast with
he literature about healthy participants, where encoding was asso-
iated with deactivation and retrieval with increased activation
Vannini et al., 2010). The latter study found a significant negative
orrelation between the two processes, so that a greater deactiva-

ion during encoding was associated with higher activation during
etrieval. The disconnection in the posteriomedial regions of the
efault mode network might result in less activation during encod-

ng in the precuneus. This reduction in encoding activation might
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induce less activation during retrieval. The paradoxical increase
reported in hippocampal activation in mild cognitive impairment
(Dickerson and Sperling, 2009) has been interpreted as a com-
pensatory mechanism in response to this disconnection. A strong
correlation has been found between hippocampal activation and
posteriomedial deactivation (Celone et al., 2006).

Although perfusion and metabolic imaging studies also showed
involvement of all parietal areas, changes in the posterior cingu-
late cortex and the inferior parietal lobule were most prominent.
Whether the metabolic changes in the parietal lobe areas precede
metabolic changes in the temporal lobe is not clear from the litera-
ture, as most studies are cross-sectional or refer to changes in these
areas as ‘tempoparietal’ changes. Some studies have suggested that
parietal metabolic changes precede temporal metabolic changes
(Fouquet et al., 2009; Matsuda et al., 2002; Villain et al., 2010a,b,
2008), but this deserves further attention in the future. Nonethe-
less, the fact that the parietal changes are so strong in metabolic and
perfusion studies is consistent with the findings in the reviewed
studies using other neuroimaging techniques. Klunk et al. (2004)
found a strong inverse correlation between FDG-PET and PiB-PET
results in parietal areas in mild AD patients, suggesting a close rela-
tionship between neuronal dysfunctions and amyloid deposition
(Klunk et al., 2004). Several studies have hinted at the possibility
that amyloid deposition reaches a plateau very early in the disease
possibly before the MCI  stage (Chetelat et al., 2010; Engler et al.,
2006; Jack et al., 2010). No correlation was  found between amyloid
deposition, as measured by PiB-PET, and cognition (Engler et al.,
2006; Jagust et al., 2009; Yokokura et al., 2010), suggesting that
amyloid might not always be so detrimental to cognitive perfor-
mance and possibly not an essential feature of Alzheimer’s disease.

In contrast to amyloid deposition, glucose metabolism contin-
ues to decrease during the disease process and correlates with
cognitive function (Engler et al., 2006; Yokokura et al., 2010). This
suggests that amyloid accumulation precedes decline in glucose
metabolism, and thus also neuronal and cognitive dysfunctions.
Microglia activation in turn precedes amyloid accumulation and
is especially increased in the early stage of amyloid production
(Yokokura et al., 2010). Neuroinflammatory mechanisms, which
modulate the disease together with genetic and environmental fac-
tors, are considered a driving force in AD. However, the therapeutic
potentials remain unclear (Wyss-Coray, 2006).

6.2. Investigating the parietal lobe as a next step in early AD
detection

What makes the parietal lobe vulnerable for pathology and thus,
relevant for research into early AD biomarkers? The parietal lobe
in humans is almost 20 times larger than in the macaque. Other
brain regions do not show such a large difference (Culham and
Kanwisher, 2001; Van Essen et al., 2001). This is due to the infe-
rior parietal lobule being particularly more developed in humans
than in monkeys, where no equivalent to the human supramarginal
gyrus has been identified (Karnath et al., 2001). These posterior and
medial parts of the parietal lobe are not only late in the phylogenetic
development, but were also late in the ontogenetic development.
Together with the other association cortices of the cerebral cortex,
these areas are the last to become myelinated. As stated earlier,
these areas are possibly also the most vulnerable to myelin break-
down, toxic and neuropathological mechanisms, such as amyloid
deposition, because of their thinner myelin sheaths (Bartzokis,
2009; Stricker et al., 2009). This might explain why the somatosen-
sory cortex is not implicated in the early stages of AD, in contrast

to the posterior parietal cortex. Furthermore, the white matter
integrity of the parietal lobe is highly heritable (Chiang et al., 2009),
possibly explaining the high intra-individual variability between
neuropathology load and degree of cognitive deficits.
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Fig. 2. Hypothetical model of the development of Alzheimer’s dementia. This model is a simplification of the hypothesized chain of pathological events leading to Alzheimer’s
dementia, applied to the parietal lobe, based on ideas by Buckner et al. (2005), Jack et al. (2010) and Bartzokis (2009).  When amyloid accumulation, due to myelin breakdown
and  disconnection reached its peak and crosses a certain threshold, a cascade of events occurs, including glucose metabolism disruption, grey matter atrophy and cognitive
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CC  = posterior cingulate cortex.

The possible interrelationships between the different neu-
oimaging outcome measures, the genetic disposition of the
arietal lobe and its vulnerability to oxidative stress, as discussed
bove, can be summarized in a model representing the puta-
ive neurobiological mechanisms of parietal vulnerability in the
athogenesis of AD (see Fig. 2). This model builds on the models
roposed by Buckner et al. (2005),  Jack et al. (2010) and Bartzokis
2009). The innovative aspect in this model is, firstly, that we  com-
ined neurobiological mechanisms with environmental factors and
euroimaging findings and secondly, that this model provides an
xplanation for the parietal contribution to the development of AD.

In short, this model considers, in agreement with Bartzokis
2009), that myelin breakdown is a critical factor in the develop-

ent of AD. Ontogenetically late developing areas, the associative
reas, are characterized by thinner and more susceptible myelin
heaths, and are therefore more vulnerable (Bartzokis, 2004; Braak
nd Braak, 1996). Due to the high vulnerability of myelin to tox-
ns and oxidative damage, many genetic and environmental factors
an negatively modulate the production and maintenance of the
yelin sheath (Bartzokis, 2009). This causes the axons to function

ess efficiently and to break, and consequently leads to neural dis-
onnection between the posterior cingulate gyrus/precuneus and
he medial temporal lobe areas (Chetelat et al., 2010; Desikan et al.,
010; Salat et al., 2010; Villain et al., 2010b).

Myelin repair puts a high demand on metabolic resources.
onductive metabolic conditions are correlated with the default
ode network and default mode network studies consis-

ently showed a disconnection between the posterior cingulate
ryus/precuneus—medial temporal lobe (Buckner et al., 2005).
upture of axons increases the deposition of extracellular amyloid,
hich can bind to toxic-promoting synapse receptors and result

n neuritic plaques (Bartzokis, 2009). PiB-PET imaging can detect
hese plaques, which are often localized in posterior and medial
arietal regions.

Amyloid plaques have a negative influence on the function-
ng of neurons, as was shown by the high correlations between
myloid load, measured with PiB-PET, and neuronal dysfunctions
easured with FDG-PET (Klunk et al., 2004). As discussed above,

he literature suggests that amyloid accumulations seem to pre-
ede neuronal dysfunction (Engler et al., 2006; Jack et al., 2010;
okokura et al., 2010) (although other suggestions have been dis-
ussed above, see (Fjell et al., 2010b; Jagust et al., 2002; Karow et al.,
010)). It has been suggested in prior work that posterior cingulate

ypometabolism might be caused by a disruption of the cingulum
undle (Villain et al., 2010b).

Finally, this chain of events and the accumulation of amyloid
laques oversteps a threshold, which is variable among individuals,
ng individuals and can be influenced by cardiovascular risk factors. Abbreviations:

and leads to a cascade of grey matter atrophy in posterior and
medial parietal regions and to cognitive dysfunctions (Buckner
et al., 2005; Jack et al., 2010). Therefore, in this model, amyloid
accumulation is not considered as essential, but rather as being an
epiphenomenon of the AD disease process. As mentioned in the
introduction, the parietal lobe is involved in many cognitive func-
tions, including memory, the most prominent dysfunction in AD.

Although not discussed in this review, but worth mentioning,
cardiovascular risk factors induce oxidative stress, which causes
neurovascular dysfunctions. These vascular changes interact with
demylination and the myelin repair mechanisms and can expedite
the disease (Bennett et al., 2009; Iadecola, 2010).

This model has some similarities with a recent age-based
hypothesis in which amyloid is also not central for the diagno-
sis of AD (Herrup, 2010). In this hypothesis, three key events are
necessary for the development of AD. First, a precipating injury,
such as a head trauma or a vascular event must occur, which elic-
its the second event, a chronic inflammatory process. This results
in a major shift in the cellular physiology of brain cells and ulti-
mately leads to cell degenerations, synaptic dysfunction, neuronal
death and AD. The author of this hypothesis posits that a vascular
event is most likely to be the injury in the first event (Herrup, 2010).
In our model, we  propose that age-related myelin breakdown and
decreased repair mechanisms are the key event (Bartzokis, 2009;
Villain et al., 2010b), leading to several neuropathological pro-
cesses, including neuroinflammation. Vascular events can expedite
the disease. Given the fact that progression to dementia is a gradual,
long process, it is reasonable to expect a minimal damaging asymp-
tomatic pathogenic process at the start. After an extended period,
a threshold is reached and accumulated damage is expressed as
dementia. Both models consider amyloid as a by-product or epiphe-
nomenon in the chain of events. That amyloid accumulation is
not necessarily causative, but could play a secondary role, is also
supported by the fact that Abeta load explains only a fraction of
morphometric brain differences between control participants, MCI
and AD patients (Fjell et al., 2010b).  However, in another study by
the same authors, CSF biomaker pathology was related to brain
atrophy in areas typically related to very mild AD and not to nor-
mal  aging (Fjell et al., 2010a).  The pathogenesis of AD still remains
unclear and needs further investigation, but these findings and the
model presented in Fig. 2 provide a framework and new ideas for
future research. Most likely, AD has a multi-factorial pathogenesis.
6.3. Future research directions

So far, most studies have tried to investigate differences
between cognitively healthy participants and patients in order
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o assess which brain areas are affected in cognitive dysfunction.
owever, little attention has been given to the underlying mecha-
isms of regional vulnerability in early AD, more specifically in the
arietal areas. The following suggestions, based on our model, aim
o improve our understanding of the reasons for parietal involve-

ent in MCI  and AD.
The key elements in the model are the vulnerability of

yelin and the breakdown of myelin in parietal regions. The
aintenance of myelin can be affected by various factors, viz.

nvironmental and genetic factors, age-related processes, neuroin-
ammatory reactions, iron deposits (associated with an increased
emand for myelin repair), of which the latter two  induce free
adical damage. Pharmacological studies using non-steroidal anti-
nflammatory drugs (NSAIDS) in the prevention or treatment of AD
ave yielded conflicting results ranging from no effects to arrest-

ng cognitive decline (Hayden et al., 2007; Szekely et al., 2008;
yss-Coray, 2006). Post-mortem AD brains show less microglial

ctivation when treated with NSAIDS (Mackenzie, 2001). Future
tudies should investigate interactions between neuroinflamma-
ion, genetic changes and brain changes. Considering the fact that
he fiber organization in the parietal lobe is highly heritable, these
elationships may  show a different pattern in the parietal lobe, than
n other parts of the brain. The development of new contrast agents
or MRI  has made it possible to investigate neuroinflammation non-
nvasively at a cerebral level (Miller et al., 1998; Nighoghossian
t al., 2007).

Another aspect besides neuroinflammation that merits more
ttention is the investigation of iron deposits (Zecca et al., 2004).
ate-developing areas, such as the parietal lobe, are more prone to
xidative stress, toxic and pathological events because the myelin
epair capacity in these regions is reduced. This repair process relies
n the oligodendrocytes, which contain the largest amounts of iron
f all brain cell types and which need the highest amounts of energy
Bartzokis, 2009). Some studies have investigated iron deposits in
he brain using MRI, but there is need for more studies exam-
ning regional differences and interactions with other brain and
on-brain factors.

Our model does not include the accumulation of tau and neu-
ofibrillary tangles, because in early AD, these proteins are usually
onfined to the medial temporal lobe areas. Nonetheless, the inter-
ction between amyloid and tau should be further investigated.
au also contributes to the myelin repair process and this process
ould be disturbed by hyperphosphorylated tau (Bartzokis, 2009).
he investigation of relationships between tau accumulation and
egional loss of white matter integrity by combining PET (Small
t al., 2006) with MRI  is an intriguing research topic.

Finally, the regional interaction between genes and neuroimag-
ng findings in MCI  and AD deserves more attention. We  already

entioned the high genetic influence on parietal fiber organization
n younger people. It would be interesting to investigate whether
eurodegenerative processes in the parietal lobe are also under
enetic influence. AD has been associated with many genes, rang-
ng from 20 to 200, but evidence is limited for any of the suggested
enes on its own (Zetzsche et al., 2010). A multifactorial genetic
rocess seems more likely. So far, the apolipoprotein E4 (apoE4)
enotype is the most investigated risk factor for AD and this is
elated to myelin production, function and repair mechanisms.
poE4 carriers have lower myelin repair capacities and have shown
igher inflammation risks (Bartzokis et al., 2007; Jack et al., 2010).

.4. Conclusion
This review discussed structural, functional and metabolic stud-
es showing the involvement of the parietal lobe in early AD. In
he preponderance of literature on medial temporal lobe areas,
his review offers a complementary perspective by showing the
avioral Reviews 36 (2012) 297–309 305

involvement of the parietal lobe in many cognitive functions and by
showing the high occurrence of parietal lobe changes in neuroimag-
ing studies. These studies converge on the fact that the posterior
cingulate/precuneus area is probably the most relevant of all pari-
etal areas in early AD. Of course, it is untenable to suggest that AD
exclusively results from parietal lobe changes. In fact, we argue that
the cognitive impairments found in AD should not be considered as
the result of changes in one particular brain region. The neurobio-
logical model that we have presented shows that disruptions of the
medial temporal lobe—posterior cingulate/precuneus networks are
crucial for understanding early AD.
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