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a b s t r a c t
Alzheimer's disease is the most common form of dementia. Its prodromal stage amnestic mild cognitive
impairment is characterized by deﬁcits of anterograde episodic memory. The development of standardized
imaging inclusion criteria has to be regarded as a prerequisite for future diagnostic systems. Moreover,
successful treatment requires isolating imaging markers predicting the disease. Accordingly, we conducted a
systematic and quantitative meta-analysis to reveal the prototypical neural correlates of Alzheimer's disease
and its prodromal stage. To prevent any a priori assumptions and enable a data-driven approach only studies
applying quantitative automated whole brain analysis were included. Finally, 40 studies were identiﬁed
involving 1351 patients and 1097 healthy control subjects reporting either atrophy or decreases in glucose
utilization and perfusion. The currently most sophisticated and best-validated of coordinate-based voxelwise meta-analyses was applied (anatomical likelihood estimates). The meta-analysis reveals that early
Alzheimer's disease affects structurally the (trans-)entorhinal and hippocampal regions, functionally the
inferior parietal lobules and precuneus. Results further may suggest that atrophy in the (trans-)entorhinal
area/hippocampus and hypometabolism/hypoperfusion in the inferior parietal lobules predicts most reliably
the progression from amnestic mild cognitive impairment to Alzheimer's disease, whereas changes in the
posterior cingulate cortex and precuneus are unspeciﬁc. Fully developed Alzheimer's disease involved
additionally a frontomedian-thalamic network. In conclusion, the meta-analysis characterizes the
prototypical neural substrates of Alzheimer's disease and its prodromal stage amnestic mild cognitive
impairment. By isolating predictive markers it enables successful treatment strategies in the future and
contributes to standardized imaging inclusion criteria for Alzheimer's disease as suggested for future
diagnostic systems.
© 2009 Elsevier Inc. All rights reserved.

Introduction
Alzheimer's disease (AD) is the most common form of dementia
(Blennow et al., 2006; Cummings, 2004). Its prevalence is below 1% in
individuals aged 60–64 years, but shows an almost exponential
increase with age, so that in people aged 85 years or older the
prevalence is between 24% and 33% in the Western world. In 2001,
more than 24 million people had dementia, a number that is expected
to double every 20 years up to 81 million in 2040. Accordingly, AD is a
Abbreviations: AD, Alzheimer's disease; ALE, anatomical likelihood estimate; DSM,
Diagnostic and Statistical Manual of Mental Disorders; FDG-PET, 18F-ﬂuorodeoxyglucose-PET; MCI, amnestic mild cognitive impairment; MNI, Montreal Neurological
Institute; MRI, magnetic resonance imaging; PET, positron emission tomography;
SPECT, single photon emission computed tomography.
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major public health problem. The majority of patients suffer from
sporadic AD, whereas familial AD is a very rare autosomal dominant
disease with early onset before 48 years of age and prevalence below
0.1% (Reisberg, 2006). AD is a slowly progressive disorder, with
insidious onset and early impairment of episodic memory; other signs
include impaired judgment, decision-making, orientation, aphasia,
apraxia, and agnosia (Blennow et al., 2006; Caselli et al., 2006;
Hodges, 2006). Histopathological changes consist of amyloid β
aggregation and deposition in senile or neuritic plaques, and of tau
hyperphosphorylation with formation of neuroﬁbrillary tangles in
medial temporal and other cortical regions, starting already 20–30 years
before clinical onset and ﬁnally injuring neurons and synapses
(Blennow et al., 2006).
The preclinical phase is designated amnestic mild cognitive
impairment (MCI) (Gauthier et al., 2006; Petersen et al., 1999,
2001a,b; Petersen, 2004; Schott et al., 2006). It is deﬁned as memory
complaints and deﬁcits, which are greater than expected for an
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individual's age and education level but do not interfere notably with
activities of daily life such as in dementia. Some people with MCI
remain stable or return to normal over time, but more than half
progress to dementia within 5 years. Because the identiﬁcation of MCI
as a risk state for AD might enable disease modifying treatment
strategies in the future, one of the most important challenges for
neuroimaging is discriminating MCI patients progressing later to AD
from patients who will not (Chong and Sahadevan, 2005; Gauthier et
al., 2006; Klafki et al., 2006; Schott et al., 2006).
Internationally accepted ante mortem diagnostic criteria for AD/
MCI are based on clinical symptoms (American Psychiatric Association, 1987, 1994; McKhann et al., 1984; Petersen et al., 1999, 2001a,b;
Petersen, 2004; World Health Organization, 1993). These criteria have
now fallen behind the unprecedented growth of scientiﬁc knowledge
regarding biomarkers for AD/MCI, namely structural and functional
neuroimaging. It was proposed to incorporate these biomarkers into
revised diagnostic criteria in the future (Dubois et al., 2007; Hyman,
2007; Reisberg, 2006).
Accordingly, one aim of the present meta-analysis was to
characterize the prototypical neural substrates of AD and its
prodromal stage amnestic MCI. We applied the systematic and
quantitative meta-analytic approach as suggested by Turkeltaub et
al. (2002), which is considered the most sophisticated and bestvalidated of coordinate-based voxel-wise meta-analyses (Fox et al.,
2005). This method can extract the prototypical neural networks for
AD and MCI, because it considers only peak coordinates for each
region, whether small or large. We included morphometric studies
investigating brain atrophy with magnetic resonance imaging (MRI)
and imaging studies measuring reduction in glucose utilization or in
perfusion with positron emission tomography (PET) or single photon
emission computed tomography (SPECT) during rest. Moreover, we
wanted to isolate neural markers predicting conversion from amnestic
MCI to AD. Because AD progressively impairs episodic memory
(Blennow et al., 2006; Hodges, 2006), we hypothesized alterations
in the medial temporal lobes, medial diencephalon, parietal cortex
and prefrontal regions (Braak and Braak, 1991a,b, 1995; Braak et al.,
1996; Brand and Markowitsch, 2005; Cabeza and Nyberg, 2000;
Cavanna and Trimble, 2006; Hyman et al., 1984; Petersen et al., 2006;
Wagner et al., 2005). Furthermore, we postulated that alterations of
these brain regions may predict conversion from amnestic MCI to AD.
Materials and methods
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system, and respective coordinates are available. When maxima were
reported in the MNI reference system, they were transformed to the
Talairach space according to a formula proposed by Matthew Brett
(published in the internet: http://www.mrc-cbu.cam.ac.uk/Imaging/
common/mnispace.shtml). Amnestic MCI was deﬁned by criteria
developed by Petersen et al. (1999, 2001a,b) and Petersen (2004) or
by memory complaint, objective impairment in memory or in one
other area of cognitive function in two perfusion studies (Hirao et al.,
2005; Huang et al., 2003), and one MRI study (Pennanen et al., 2005).
Studies had to fulﬁll the following exclusion criteria: no solely regionof-interest analysis to prevent any a priori assumptions with regard to
the involved neural networks and to enable a data-driven approach,
no case studies, no familial and visual variant AD (posterior cortical
atrophy) as they may constitute other types of AD compared to
sporadic, non-familial AD, and no studies investigating substantially
overlapping patient populations. Moreover, we excluded generally
functional imaging studies investigating brain activation during
cognitive stimulation, because they apply diverse psychological
paradigms hampering quantitative meta-analytic techniques.
Although medication might inﬂuence brain metabolism and perfusion, we could not include this issue in the exclusion criteria, because
only a few studies (24%) contained respective information.
Data abstraction and study characteristics
Literature search, selection of studies according to the inclusion
and exclusion criteria and compilation of coordinates for the several
contrasts were performed independently by two investigators (T.S.
and N.M.) and any disagreements were resolved by consensus. We
focused on the differences between patients with AD or MCI and
healthy controls. Additionally, we involved studies examining patients
with MCI, of whom some progressed later to AD (converter) and some
not (non-converter). Contrasts between patients and healthy volunteers were included reporting either atrophy (MRI), decreases in
glucose utilization (18F-ﬂuorodeoxyglucose-[FDG]-PET) or perfusion
99m
(H15
Tc-hexamethylpropyleneamine oxime-[HMPAO]2 O-PET,
99m
SPECT,
Tc-ethylcysteinate dimmer-[ECD]-SPECT). Only three studies reported brain regions of either relatively increased glucose
utilization (AD: Salmon et al., 2000) or perfusion (AD: Kogure et al.,
2000; MCI: Huang et al., 2003) in the patient groups if compared with
control subjects. Because the other numerous studies did not show
such alterations, its inﬂuence on the meta-analysis may be regarded as
negligible.

Data sources and study selection
Quantitative data synthesis
MedLine and Current Contents search engines were used to
identify studies on morphometry, glucose utilization and perfusion
in AD and MCI (search strategy: [Alzheimer or [mild and cognitive and
impairment]] and [MRI or MRT or PET or SPECT]) published until
February 2007. Primary authors were contacted to obtain additional
information if necessary. Studies were examined to fulﬁll the
following inclusion criteria: peer-reviewed, original studies, patients
diagnosed according to internationally recognized diagnostic criteria
(criteria for probable AD according to the National Institute of
Neurological and Communicative Disorders and Stroke and the
Alzheimer's disease and Related Disorders Association, NINCDSADRDA, McKhann et al. (1984); research criteria as suggested in the
10th version of the International Classiﬁcation of Diseases System,
World Health Organization (1993); or by the Diagnostic and Statistical
Manual of Mental Disorders, DSM-III-R DSM-IV, American Psychiatric
Association (1987, 1994); criteria for amnestic MCI according to
Petersen or the Mayo Clinic Alzheimer's Disease Research Center,
Petersen et al. (1999, 2001a,b); Petersen (2004)), patients compared
to age-matched healthy controls, quantitative automated whole brain
analysis method, results normalized to a stereotactic space such as the
Talairach or the Montreal Neurological Institute (MNI) reference

We applied the anatomical likelihood estimate meta-analysis
method (Ellison-Wright et al., 2008; Glahn et al., 2008; Schroeter et
al., 2007b, 2008; Turkeltaub et al., 2002). The idea behind this method
is to determine brain regions that exhibit a higher density of peak
coordinates reported across studies than would arise by chance. As the
accuracy of peak coordinates reported in different imaging studies is
limited, for example, by anatomical intersubject variability, data
smoothing, or the use of different brain templates (Eickhoff et al., in
press; Turkeltaub et al., 2002), peak coordinates should not be viewed
as single points but rather as localization probability distributions
centered at these coordinates. Thus, peaks of atrophy, hypometabolism or hypoperfusion were modeled using a 3D Gaussian probability
distribution
p=

− d2
1
e 2σ 2
1:5 3
½2π σ

where σ is the standard deviation for the Gaussian and d is the
Euclidean distance of a voxel to the peak. For a particular voxel and a
given peak with distance d, p can be viewed as an estimate for the
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Fig. 1. Summary of the meta-analysis ﬂow according to the QUOROM statement (Moher et al., 1999). Number of studies reported for mild cognitive impairment/Alzheimer's
disease (AD).

likelihood that the given peak lies within this voxel (Turkeltaub et al.,
2002). After calculating this anatomical likelihood estimate (ALE) for
each voxel and each peak, an ALE map can be created, representing for
each voxel the likelihood that at least one of the reported peaks is
located there (Turkeltaub et al., 2002). Speciﬁcally, given two
likelihood estimates pa and pb, representing the likelihood that peak
a and peak b lie within a particular voxel x, respectively, the ALE
representing the likelihood that at least one of the two peaks lies
within this voxel x can be calculated as

in anatomical MRI, FDG-PET and perfusion studies, and to match the
potential bias of the MNI-Talairach space transformation by Matthew
Brett (Chau and McIntosh, 2005).
Table 1
Demographic and clinical characteristics of the patient groups.
Contrast

Method

Number of
studies

Number of
subjects

Age
(years)

MMSE

AD vs. Co

MRI

9

FDG-PET

9

Perfusion

8

MRI

5

FDG-PET

3

Perfusion

5

MRI, FDG-PET,
Perfusion
MRI, FDG-PET,
Perfusion
MRI, FDG-PET,
Perfusion
FDG-PET

7

177 AD
244 Co
401 AD
217 Co
248 AD
294 Co
165 MCI
155 Co
78 MCI
70 Co
247 MCI
167 Co
164 Conv
197 Co
87 Nconv
147 Co
134 Conv
128 Nconv
130 eoAD
66 Co

70.4 ± 2.6
67.8 ± 2.6
67.5 ± 2.4
61.9 ± 7.3
72.7 ± 3.4
69.1 ± 4.4
71.6 ± 0.9
69.6 ± 3.2
66.8 ± 3.4
60.5 ± 0.7
68.7 ± 4.2
65.0 ± 6.2
69.3 ± 2.9
63.8 ± 5.7
68.8 ± 2.5
63.0 ± 6.2
70.0 ± 3.6
67.7 ± 3.7
60.5 ± 3.7
58.5 ± 2.6

21.3 ± 2.5
29.0 ± 1.4
20.5 ± 3.3
29.3 ± 0.6
19.9 ± 2.4
28.8 ± 0.5
25.9 ± 1.2
28.0 ± 1.2
27.8 ± 0.3
30.0
26.5 ± 0.6
28.8 ± 0.5
26.6 ± 0.8
28.5 ± 1.0
27.2 ± 1.3
28.0 ± 1.4
26.1 ± 1.2
27.1 ± 1.1
18.5 ± 2.4
29.0

ALEx = pa + pb − pa pb = pa + pb ð1 − pa Þ:
For more than two peaks, the equation can be applied iteratively.
We wanted to examine the neural correlates of AD and amnestic
MCI, and to explore the subtle distinction between patients with
amnestic MCI converting later to AD (converter) and those who
maintain the diagnosis MCI (non-converter). Hence, we created
separate ALE maps for the coordinates from studies involving subjects
with AD, subjects with amnestic MCI, and subjects that convert from
amnestic MCI to AD. Because it is controversial whether functional
alterations and atrophy coincide anatomically in dementia (Ishii et al.,
2005; Nestor et al., 2003), the ALE maps were calculated separately for
the three imaging methods controlling for confounding effects. Only
for the contrast converters vs. non-converters (from amnestic MCI to
AD) MRI, FDG-PET and perfusion studies had to be pooled to include a
sufﬁcient number of studies. ALE values were determined on a grid of
isotropic 2 × 2 × 2 mm voxels. We used a standard deviation of 5 mm
resulting in a full-width half-maximum of 11.8 mm. This distribution
width was chosen to approximately match ﬁlter sizes commonly used

MCI vs. Co

Conv vs. Co
Nconv vs. Co
Conv vs. Nconv
eoAD vs. Co

5
7
4

Mean ± standard deviation. Some studies did not report MMSE for control subjects. AD,
Alzheimer's disease; Co, controls; eo, early onset; FDG-PET, 18F-ﬂuorodeoxyglucose
positron emission tomography; MCI, amnestic mild cognitive impairment; Conv,
converters from MCI to AD; Nconv, non-converters, stable MCI patients; MMSE, MiniMental State Examination; MRI, magnetic resonance imaging.
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In a second step, empirical ALE maps from the different groups
were compared to ALE maps for randomly distributed maxima. The
same number of maxima as included in the empirical ALE map was
uniformly distributed 1000 times over a brain volume mask.
Histograms of the thousand sets of randomly distributed maxima
were averaged to obtain a histogram representing the noise distribution of ALE values. This histogram served as a null hypothesis against
which the signiﬁcance of the empirical ALE values was tested. As in
the study by Turkeltaub et al. (2002), a conservative ALE threshold
corresponding to a level of 0.01% (p b 0.0001) was chosen to reduce
the probability of type I errors and to identify only the most consistent
regions of atrophy, hypometabolism and -perfusion. The null hypothesis of random distribution was rejected for those voxels that
exceeded this threshold.
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Results
Trial ﬂow and study characteristics
Fig. 1 shows the meta-analysis ﬂow. The initial search yielded for
MCI/AD 311/1703 studies. Finally, 14/26 studies met inclusion and
exclusion criteria and were included into the meta-analysis (Tables S1
to S3 in the supplementary information). Table 1 illustrates the
number of studies, the number of subjects and clinical characteristics
for the several groups. In sum, 1351 patients (826 with AD, 525 with
amnestic MCI) and 1097 healthy control subjects were involved in the
meta-analysis. We conducted an ANOVA analysis with two factors,
diagnosis (AD vs. MCI) and method (MRI vs. FDG-PET vs. perfusion) to
test differences in scores of the Mini-Mental State Examination. As

Table 2
Meta-analysis results (anatomical likelihood estimate, ALE).
Contrast
MCI vs. Co
FDG-PET

Perfusion

MRI

AD vs. Co
FDG-PET

Perfusion

MRI

Conv vs. Co (total)

Nconv vs. Co (total)

Conv vs. Nconv (total)

BA

Lat.

x

y

Angular gyrus
Inferior precuneus
Posterior cingulate cortex
Anterior superior insula
Angular gyrus
Angular/supramarginal gyrus
Inferior precuneus
Dorsal posterior cingulate cortex
Gyrus rectus
Temporal pole/anterior superior temporal sulcus
Amygdala

39
31
23
15
39
39/40
31
23
11
21/38

L
R

− 44
1

− 61
− 55

34
27

0.006501
0.006367

324
432

L
R
L
L

− 41
43
− 47
−8

18
− 55
− 52
− 49

6
52
52
34

0.005552
0.007438
0.006092
0.010754

135
1161
432
3915

R
L
R

1
− 47
22

27
3
−6

− 15
− 15
− 15

0.009482
0.007835
0.005570

1026
945
54

Angular gyrus
Angular gyrus
Posterior superior temporal sulcus
Anterior medial frontal cortex
Pregenual anterior cingulate gyrus
Inferior precuneus
Dorsal posterior cingulate cortex
Posterior superior temporal sulcus
Middle inferior temporal sulcus
Anterior inferior precuneus
Dorsal posterior cingulate cortex
Angular gyrus
Posterior superior temporal sulcus
Angular/supramarginal gyrus
Posterior middle frontal gyrus
Frontal pol
Hippocampal head
Posterior insula
Medial thalamus
Hippocampal body/tail
Middle temporal gyrus/superior temporal sulcus
Amygdala, anterior hippocampal formation, uncus, (trans-)entorhinal area
Amygdala, anterior hippocampal formation, uncus, (trans-)entorhinal area
Angular gyrus
Supramarginal gyrus
Angular gyrus
Inferior precuneus/dorsal posterior cingulate cortex

39
39
21/22
9/10
32
31
23
21/22
20/21
7/31
23
39
21/22
39/40
8/9
10

L
R

− 38
43

− 64
− 64

37
34

0.010769
0.010773

1593
1863

R

1

31

27

0.008431

243

R

1

− 34

27

0.012777

1350

L
R
R

− 50
58
4

− 58
− 31
− 40

24
− 18
40

0.007576
0.008952
0.011474

135
513
2511

R

52

− 55

31

0.007826

1242

Vicinity of parahippocampal gyrus/(trans-)entorhinal area
Vicinity of parahippocampal gyrus/(trans-)entorhinal area/hippocampal body
Inferior precuneus, dorsal posterior cingulate cortex
Inferior precuneus, dorsal posterior cingulate cortex
Gyrus rectus/medial orbital gyrus
Inferior parietal lobule/intraparietal sulcus
Precuneus

28/34–36
28/34–36
23/31
23/31
11/13/14
7/39/40
7/31

L
L
R
L
L
L
R
L
R
L
R
L
L
R
L
L
R
L
R
R
L
R

− 50
− 35
22
− 26
− 38
−5
31
− 62
25
− 26
43
− 47
− 44
4
−5
− 38
34
−8
4
7
− 41
−2

− 49
18
55
− 24
− 24
− 12
− 37
− 21
−9
−9
− 58
− 52
− 61
− 46
− 52
− 24
− 15
− 49
− 49
21
− 52
− 43

40
40
0
−9
15
3
−3
−3
− 15
− 15
46
52
37
31
27
− 18
− 21
34
31
− 21
49
43

0.013215
0.006498
0.006642
0.006617
0.008052
0.008577
0.008823
0.006725
0.012660
0.009423
0.008007
0.006098
0.009608
0.005807
0.005958
0.007737
0.007953
0.004145
0.004145
0.006084
0.007394
0.007417

1863
54
54
54
324
459
378
27
2106
783
1269
81
1188
81
135
540
378
27
27
567
972
810

13

21/22
28/34
28/34
39
40
39
23/31

z

ALE

Volume (mm3)

Region

Clusters above an ALE threshold of 0.0050 (FDG-PET), 0.0047 (perfusion), 0.0054 (MRI) for MCI vs. Co, 0.0068 (FDG-PET), 0.0062 (perfusion), 0.0067 (MRI) for AD vs. Co, 0.0056 for
Conv vs. Co (total), 0.0041 for Nconv vs. Co (total), and 0.0048 for Conv vs. Nconv (total) (p b 0.0001, respectively), and a minimum size of 27 mm3 are listed. Coordinates are in
Talairach space. Filter with a standard deviation of 5 mm. AD, Alzheimer's disease; ALE, anatomical likelihood estimate; BA, approximate Brodmann area; Co, control subjects; FDGPET, 18F-ﬂuorodeoxyglucose positron emission tomography; Lat., Lateralization of the cluster's maximum (L, left, R, right); MCI, amnestic mild cognitive impairment; Conv, converters
from MCI to AD; Nconv, non-converters, stable MCI patients; MRI, magnetic resonance imaging.
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Table 3
Clusters of signiﬁcant group differences resulting from comparison of ALE maps —
(converter vs. control subjects) vs. (non-converter vs. control subjects).
Region

BA

Lat. x

y

z

ALE

Volume
(mm3)

Angular gyrus
Supramarginal gyrus
Angular gyrus
Vicinity of parahippocampal
gyrus/(trans-)entorhinal
area
Gyrus rectus/medial
orbital gyrus
Vicinity of parahippocampal
gyrus/(trans-)entorhinal
area/hippocampal body

39
40
39
28/34–
36

R
L
L
L

43
− 47
− 44
− 38

− 58
46
− 52
52
− 61
37
− 24 − 18

11/13/
14
28/34–
36

R

7

21 − 21 0.006084

81

R

34

− 15 − 21 0.007952

351

0.008007 1269
0.006098
81
0.009607 1188
0.007737
540

Clusters above an ALE threshold of 0.0056 (p b 0.0001), and a minimum size of 27 mm3
are listed. Coordinates are in Talairach space. Filter with a standard deviation of 5 mm.
ALE, anatomical likelihood estimate; BA, approximate Brodmann area; Lat.,
Lateralization of the cluster's maximum (L, left, R, right). Note that studies applying
ﬂuorodeoxyglucose positron emission tomography, magnetic resonance imaging and
investigating perfusion are pooled.

expected, patients with amnestic MCI showed higher mean scores
than patients with AD (df = 1, F = 64.5, p b 0.001) for each of the
imaging methods (1-tailed post hoc Student's t-tests, p b 0.001,
respectively). There was no inﬂuence of the main factor method and
no signiﬁcant diagnosis × method interaction (df = 2, 2; F = 0.4, 1.1;
p = 0.68, 0.34). The various studies did not consistently report other
clinical characteristics.
Quantitative data synthesis
Figs. S1–S3 (in the supplementary information) show the maxima
of the several studies, which were included in the meta-analysis. For
each study all maxima were taken into account to avoid any a priori
assumptions. Four of the altogether 454 coordinates (0.9%) were
excluded from the analysis, because they were located more than
10 mm outside the brain. The quantitative meta-analyses identiﬁed
numerous clusters above the respective ALE thresholds that are
summarized in Tables 2 and 3. Figs. 2–4 display above-threshold
voxels on an individual brain in Talairach space for the different

Fig. 2. Results of the quantitative meta-analyses (anatomical likelihood estimates) for amnestic mild cognitive impairment (MCI). Reductions of glucose utilization (FDG-PET,
ﬂuorodeoxyglucose positron emission tomography), of perfusion or atrophy (MRI, magnetic resonance imaging). Left side is left.
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Fig. 3. Results of the quantitative meta-analyses (anatomical likelihood estimates) for Alzheimer's disease (AD). Reductions of glucose utilization (FDG-PET, ﬂuorodeoxyglucose
positron emission tomography), of perfusion or atrophy (MRI, magnetic resonance imaging). Left side is left.

patient groups. Firstly, we want to report results for the contrast
amnestic MCI vs. control subjects (Fig. 2, Table 2). Glucose utilization
and perfusion were diminished in the inferior parietal lobules (BA 39/
40), and the posterior cingulate cortex and precuneus (BA 23/31).
Moreover, hypometabolism was detected in the left anterior superior
insula (BA 15). Atrophy involved the left temporal pole/anterior
superior temporal sulcus (BA 21/38), right amygdala, and gyrus rectus
bilaterally (BA 11).
Results for the comparison AD vs. control subjects are illustrated in
Fig. 3 and Table 2. Reductions in glucose utilization and perfusion
coincided in the inferior parietal lobules (BA 39/40), posterior
superior temporal sulcus (BA 21/22), precuneus (BA 7/31), and
posterior cingulate cortex (BA 23; nomenclature of Vogt, 2005).
Glucose utilization was diminished additionally in the anterior medial
frontal cortex, pregenual anterior cingulate gyrus (BA 9/10/32), and
right inferior temporal sulcus (BA 20/21), whereas perfusion was
reduced in the right frontal pol (BA 10), left posterior middle frontal
gyrus (BA 8/9), and left hippocampal head. Atrophy as measured by
MRI showed a different pattern. It involved a network consisting of

both amygdalae, both anterior hippocampal formations, unci and
(trans-)entorhinal areas (BA 28/34). On the right also the hippocampal body and tail were affected. Furthermore, the meta-analysis
revealed atrophy in the left medial thalamus, posterior insula (BA 13),
and left middle temporal gyrus/superior temporal sulcus (BA 21/22).
The last analysis characterized the amnestic MCI patients in more
detail. Namely it examined the prognostic and (potentially) therapeutically important question if one can judge from brain scans
during the state of MCI whether the patient progresses/converts to AD
(Fig. 4, Table 2). The follow up period had on average a length of
approximately two years (23.3 ± 8.0 months; range 12–36 months).
As a smaller number of studies was available, the three methods (FDGPET, perfusion, MRI) were not considered separately, rather pooled.
Patients with MCI later progressing to AD (converter) showed seven
signiﬁcant above-threshold clusters if compared with control subjects,
namely bilaterally in the vicinity of the parahippocampal gyrus/
(trans-)entorhinal area, and hippocampal body (BA 28/34–36), in the
angular and supramarginal gyrus (BA 39/40), the posterior cingulate
gyrus and inferior precuneus (BA 23/31). For patients with stable MCI
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Fig. 4. Prediction of Alzheimer's disease. Neural impairments in converters that developed from mild amnestic cognitive impairment (MCI) to Alzheimer's disease later (Conv), and
non-converters with stable mild cognitive impairment (Nconv) according to the quantitative meta-analyses (anatomical likelihood estimates, ALE). Co control subjects. First three
upper rows ALE maps for contrasts in the single studies. Lower row comparison between the ﬁrst and second ALE map. Studies reporting reductions of glucose utilization, of perfusion
or atrophy were pooled. Left side is left.

(non-converter) we detected a neural network consisting of the
dorsal posterior cingulate cortex/inferior precuneus (BA 23/32) and
the right gyrus rectus extending into the medial orbital gyrus (BA
11/13/14) in comparison with control subjects. Analyzing maxima
from studies contrasting MCI converters vs. non-converters revealed
a cluster mainly in the left inferior parietal lobule and precuneus
(BA 7/31/39/40).

Because not all single studies investigating MCI converters and
non-converters compared both groups directly, we applied another
method to compare the ALE map of converters vs. control subjects
with the ALE map of non-converters vs. control subjects. Recently,
such a technique for making statistical comparisons between ALE
meta-analysis maps was suggested to assess the difference between
two ALE maps under the null hypothesis that differences between
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both sets of coordinates are uniformly distributed (‘subtraction metaanalysis’ according to Laird et al., 2005 and Ellison-Wright et al.,
2008). Speciﬁcally, ALE maps from two sets of coordinates are
subtracted from each other to yield an empirical difference map.
The corresponding histogram is then tested against the histogram
obtained from 1000 randomly generated difference maps, thereby
again applying a very conservative threshold to reduce type I errors.
Results are illustrated in Fig. 4 and Table 3. Patients with amnestic MCI
later progressing to AD (converters) showed speciﬁc deﬁcits bilaterally in the vicinity of the parahippocampal gyrus/(trans-)entorhinal
area, and hippocampal body (BA 28/34–36), in the angular and
supramarginal gyrus (BA 39/40), and right gyrus rectus/medial
orbital gyrus (BA 11/13/14).
Discussion
We applied a systematic and quantitative meta-analytic approach
to characterize the prototypical neural substrates of AD/amnestic MCI
and to isolate neural markers predicting the conversion from amnestic
MCI to AD. It revealed speciﬁcally for each imaging method the
impaired neural networks for AD and MCI. Results for AD agree with a
previous comprehensive meta-analysis that calculated effect sizes for
various predeﬁned anatomical regions (Zakzanis et al., 2003). Because
more relevant studies were now available, we could improve the
meta-analytic approach decisively by including additionally MCI
patients, investigating each imaging method separately, and applying
a new meta-analytic method for imaging data enabling a data-driven
approach (Fox et al., 2005; Turkeltaub et al., 2002). Because we
included only those studies that used quantitative automated whole
brain analysis and normalized results to a stereotactic space,
presumptions for anatomical regions such as in region-of-interest
studies could not confound results.
Our results together with previous imaging and histopathological
studies show that AD affects limbic structures in the early and
midcourse that are relatively spared in normal aging (Blennow et al.,
2006; Braak and Braak, 1991a,b; Braak et al., 1996; Gauthier et al.,
2006; Grieve et al., 2005; Hodges, 2006; Raz et al., 2004; Salat et al.,
2004). Neuroﬁbrillary tangles and neuropil threads occur initially in
the transentorhinal cortex (transentorhinal stages I–II according to
Braak), and subsequently spread into the entorhinal region/hippocampal formation proper (limbic stages III–IV) followed by destruction of virtually all isocortical association areas (isocortical stages V–
VI) (Braak and Braak, 1991b, 1995; Braak et al., 1996; Hyman et al.,
1984). Interestingly, these neuroﬁbrillary tangles are tightly related to
neuropsychological impairments and dementia severity in contrast to
amyloid deposits (Arriagada et al., 1992; Asuni et al., 2007; Bierer et
al., 1995; Bondareff et al., 1993; Caselli et al., 2006; Guillozet et al.,
2003; Jellinger, 2006; Roberson et al., 2007). A recent study has shown
that MCI is associated mainly with Braak stages II and III, between the
transentorhinal and limbic stages, whereas the transition to AD occurs
when neuroﬁbrillary abnormalities spread beyond the medial
temporal lobes (stages IV+) (Petersen et al., 2006). Our meta-analysis
may support alterations in the (trans-)entorhinal area/hippocampal
body speciﬁcally in converters, predicting progression from MCI to AD.
These alterations are related to atrophy as suggested by the results for
amnestic MCI/AD vs. control subjects. Furthermore, our meta-analysis
indicates that the inferior parietal lobules and precuneus are
functionally affected in amnestic MCI converters, because results for
parietal areas are most probably based on perfusion and glucose
utilization studies (see again results for MCI/AD vs. control subjects).
Parietal impairments might be caused by regional amyloid deposits as
indicated by histopathological and imaging studies (Braak and Braak,
1991b; Chételat et al., 2008; Jack et al., 2008; Kemppainen et al.,
2007), and by disconnection from the hippocampus through disruption of the cingulum bundle (so called diaschisis hypothesis) (Villain
et al., 2008).
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As discussed above one of the most important questions for
imaging is the speciﬁc discrimination between converters, later
progressing to AD, and non-converters, particularly for treatment
purposes (Chong and Sahadevan, 2005; Gauthier et al., 2006; Klafki et
al., 2006; Schott et al., 2006). This analysis isolated differences in the
vicinity of the parahippocampal, (trans-)entorhinal, and hippocampal
areas, and in parietal regions (inferior parietal lobules and precuneus/
posterior cingulate cortex). Because we pooled data across different
imaging methods for this analysis to include a sufﬁcient number of
studies and enable high statistical power, we cannot relate these
changes to one imaging method speciﬁcally. However, if one takes into
account the results of the ﬁrst method speciﬁc analysis (amnestic
MCI/AD vs. healthy controls) one might assume that parahippocampal, (trans-)entorhinal, and hippocampal effects are related mainly to
atrophy, whereas parietal alterations represent reductions in perfusion and glucose metabolism. Reliable imaging indicators for conversion from MCI to AD have to comply with the following two
conditions: (i) Brain regions have to be signiﬁcantly affected in the
contrast converters vs. non-converters. (ii) Brain regions must not be
affected in non-converters in comparison with control subjects
warranting speciﬁcity by excluding false positive predictions. Accordingly, our comprehensive meta-analysis may support the notion that
atrophy in the (trans-)entorhinal area and hippocampus can predict
which MCI patients will develop AD (Blennow et al., 2006; Chong and
Sahadevan, 2005; den Heijer et al., 2006; Hua et al., 2008; Schott et al.,
2006; Walker and Walker, 2005). Previous studies reported speciﬁc
reductions of perfusion and glucose utilization in the posterior
cingulate cortex and in the temporoparietal region in MCI converters
(Blennow et al., 2006; Chong and Sahadevan, 2005; Walker and
Walker, 2005; Wu and Small, 2006). Our data suggest that alterations
in the inferior parietal lobules are the most reliable functional
indicators for conversion to AD, whereas changes in the posterior
cingulate cortex/inferior precuneus may have to be regarded as
unspeciﬁc as they were also observed in non-converters if compared
with control subjects.
If one considers the neural correlates of fully developed AD, our
data indicate a substantial coincidence with those of amnestic MCI
patients later converting to AD. Hence, our data support current
concepts regarding MCI/AD as a continuous process (Dubois et al.,
2007). Although AD involves, additionally to MCI, a frontomedianthalamic network, such alterations are also observed in other types of
dementia i.e. frontotemporal dementia, reducing their diagnostic
speciﬁcity (de Jong et al., 2008; Schroeter et al., 2007b, 2008). The
same holds true for alterations in the amygdalae, which also occur in
semantic dementia (Schroeter et al., 2007b). Although, besides AD,
semantic dementia and progressive non-ﬂuent aphasia affect also the
temporal lobes, alterations are located in the pole area in these
diseases. According to present clinical criteria AD is mainly a diagnosis
of exclusion and a deﬁnite diagnosis can only be made by
neuropathology (Blennow et al., 2006; Reisberg, 2006). By deﬁning
its structural and functional neuroimaging markers, our meta-analysis
may contribute to deﬁning standardized (imaging) inclusion criteria
for AD as suggested for future diagnostic systems such as the DSM-V
(Dubois et al., 2007; Hyman, 2007; Reisberg, 2006).
Finally, we want to place neural alterations in a framework of
cognitive neuropsychiatry by relating neural networks to cognitive
dysfunctions (Halligan and David, 2001). AD is characterized in its
earliest stage, MCI, by severe deﬁcits in anterograde episodic memory
with poor encoding and rapid forgetting of new material (Bäckman et
al., 2001; Christensen et al., 1998; Hodges, 2006; Perry and Hodges,
2000). Encoding and consolidation of episodic and semantic memory,
that might also be hampered, have been related to several ‘bottleneck
structures’, namely the medial temporal lobes, the medial diencephalon, the basal forebrain and prefrontal regions (Brand and Markowitsch, 2005). It was proposed that two limbic circuits, the Papez
circuit and amygdaloid or basolateral circuit, enable encoding and
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consolidation. Whereas the former circuit transfers information from
short- to longterm memory, the latter one seems to be predominantly
engaged in emotional processing and in encoding the emotional
valence of experiences. Our meta-analysis indicates that its two most
important parts are affected, namely the hippocampal–entorhinal
complex in amnestic MCI, and later in AD the limbic thalamus in
agreement with histopathological reports (Braak and Braak, 1991a,b;
Braak et al., 1996; Brand and Markowitsch, 2005). Moreover, MCI and
AD involve the amygdala, another memory relevant structure (Brand
and Markowitsch, 2005). Comparing patients with early-onset AD to
control subjects the ALE analysis revealed additionally one cluster in
the fornix, another relevant part of the Papez circuit (maximum at
Talairach coordinates 1, 6, 0; cluster size 54 mm3, ALE value 0.005593).
Episodic memory retrieval is associated with the reciprocally
interconnected posterior cingulate cortex and precuneus as well as
lateral posterior parietal cortex beside prefrontal cortices (Cabeza and
Nyberg, 2000; Cavanna and Trimble, 2006; Wagner et al., 2005). The
meta-analysis shows hypometabolism/hypoperfusion in these structures in amnestic MCI and AD, again in correspondence with
histopathological data (Braak and Braak, 1991b; Braak et al., 1996).
Episodic memory has per se autobiographical reference, since it
entails the recollection of information that is linked to an individual's
personal experience (Cavanna and Trimble, 2006). Accordingly, our
meta-analysis revealed alterations in the anterior medial prefrontal
cortex that is involved in self-monitoring/self-referential processing
and in the amygdala (Cabeza and Jacques, 2007; Gallagher and Frith,
2003; Ochsner et al., 2004). AD patients are early impaired in tests of
autobiographical memory in relation with hypometabolism in the
precuneus, posterior cingulate and inferior parietal lobules (Eustache
et al., 2004). The anterior medial frontal cortex (BA 9/32) has also
been discussed as the key region for theory of mind or ‘mentalizing’,
where mental states have to be attributed to self and other people, and
which enables social cognition, together with the temporoparietal
junction area (Frith and Frith, 2003; Gallagher and Frith, 2003). AD
patients are impaired in such tasks (Cuerva et al., 2001; Verdon et al.,
2007). Deﬁcits in their facial emotion processing (Albert et al., 1991;
Teng et al., 2007) might be related to a disturbed extended neural
system for face perception, namely the amygdalae (Haxby et al.,
2000). Furthermore, our meta-analysis shows that the left temporal
pole is affected, which has been discussed as part of the semantic
memory network (Martin and Chao, 2001).
By the time most patients are diagnosed with AD, deﬁcits in
attention and executive abilities are usually apparent (Amieva et al.,
2004; Baddeley et al., 1991, 2001; Hodges, 2006; Kopelman, 1991;
Perry and Hodges, 1999; Pignatti et al., 2005; Sahakian et al., 1988).
These capabilities are related to the anterior cingulate cortex and the
inferior frontal junction area (Carter et al., 1998; Derrfuss et al., 2005;
Paus, 2001; Ridderinkhof et al., 2004; Schroeter et al., 2002, 2003,
2004, 2007a; Vogt, 2005). Our meta-analysis identiﬁed alterations in
these brain regions in AD, namely hypometabolism in the anterior
cingulate cortex and hypoperfusion in the left posterior middle frontal
gyrus near the inferior frontal junction area. We did not ﬁnd these
networks in amnestic MCI in correspondence with histopathological
studies and the observation that, although subjects later progressing
to dementia have attentional/executive deﬁcits if appropriate experimental tasks are administered, these deﬁcits are overshadowed by
amnesia (Bäckman et al., 2004, 2005; Braak and Braak, 1991b; Chen et
al., 2001; Hodges, 2006; Tabert et al., 2006; Tales et al., 2005a,b).
Visuo-spatial and perceptual symptoms usually follow in the wake of
episodic memory and attentional deﬁcits (Caine and Hodges, 2001;
Hodges, 2006; Perry et al., 2000). Our meta-analysis revealed
alterations in the inferior parietal lobules extending to the intraparietal sulcus and in the precuneus, regions processing visuo-spatial
information and enabling spatially guided behavior (Cavanna and
Trimble, 2006). Additionally, the hippocampus/parahippocampal
cortex have been discussed in the context of spatial processing (Bird

and Burgess, 2008; Epstein 2008). In agreement with preserved
proper language functions in the early course of AD the meta-analysis
did not reveal alterations in the respective network (Blair et al., 2007;
Hodges, 2006). Recently, it has been suggested that episodic memory,
theory of mind, navigation, and prospection rely on the same
mesiotemporal–frontoparietal core network and are subcomponents
of the more general abilities of ‘self-projection’ (Buckner and Carroll,
2007) or ‘scene construction’ (Hassabis and Maguire, 2007).
Obviously, AD affects this core network and disturbs its cognitive
subcomponents (Buckner et al., 2005).
In agreement with the most prominent behavioral symptom,
apathy, the meta-analysis and histopathological studies demonstrate
frontomedian alterations in AD (Braak and Braak, 1991b; Hodges,
2006; Rosen et al., 2005). Our results suggest intact function in this
area in amnestic MCI agreeing with the ﬁnding that prevalence of
apathy increases with severity of dementia (Starkstein et al., 2006).
Although insight is preserved early in the disease, it diminishes with
its progression to AD leading to unawareness of cognitive deﬁcits
(anosognosia) (Ecklund-Johnson and Torres, 2005; Markova and
Berrios, 2000; Salmon et al., 2006). This deﬁcit may be related to the
anterior medial frontal cortex/pregenual anterior cingulate together
with the posterior cingulate cortex and temporoparietal junction area
(Ecklund-Johnson and Torres, 2005; Hodges, 2006; Salmon et al.,
2006). In contrast, AD patients note their emotional/behavioral
difﬁculties (Ecklund-Johnson and Torres, 2005) leading presumably
to a high rate of depression (Levy et al., 1996). Our results further
conﬁrm the assumption that decreased motivational-affective components of pain in AD may be related to the degeneration of the
medial pain system (anterior cingulate cortex, medial thalamic
nuclei/intralaminar thalamic nuclei, amygdala, insula, hippocampus
and prefrontal cortex; Scherder et al., 2003; Vogt, 2005).
Finally, we want to discuss the meta-analytic approach critically.
Firstly, ALE is based on the assumption that the spatial uncertainty of
peak coordinates is identical across the x-, y- and z-direction of the
coordinate system as well as across all voxels in the brain. This is a
simplifying assumption. However, as discussed by Eickhoff et al. (in
press), modeling a variable spatial uncertainty along different
directions and across different brain regions would require empirical
uncertainty estimates for every region or voxel in the brain. To date,
such data are not available. In line with Eickhoff et al. (in press), we
would thus argue that in the absence of voxel-wise empirical data on
spatial uncertainty, the most parsimonious model based on the most
general assumption of Gaussianity should be applied. Secondly, results
of any meta-analysis depend on the quality of the included data.
Imaging meta-analyses are likely to be biased toward particular
cortical areas, a problem referred to previously as ‘literature or
publication bias.’ We tried to avoid this problem by including only
studies that used quantitative automated whole brain analysis,
whereas region-of-interest studies were generally excluded. Because
our meta-analysis included maxima and not cluster sizes of the
various studies, it extracted the prototypical, most characteristic
neural networks for amnestic MCI/AD representing the brain regions
that are consistently involved. Accordingly, single studies might have
shown that the disorder may affect other brain structures and may be
more diffuse than the present meta-analysis suggests. The other
aforementioned limitations of our meta-analysis, speciﬁcally pooling
across different imaging methods for the converters' analysis and
potential medication effects onto perfusion and metabolism, should
be addressed in future studies.
Conclusion
The meta-analysis characterizes the prototypical neural substrates
of Alzheimer's disease and its prodromal stage amnestic mild
cognitive impairment with a systematic and quantitative metaanalysis. It places Alzheimer's disease in cognitive neuropsychiatry
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by explaining clinical characteristics in terms of deﬁcits to normal
cognitive mechanisms and linking them to affected neural structures.
By isolating predictive markers it contributes to standardized imaging
inclusion criteria for Alzheimer's disease as suggested for future
diagnostic systems.
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