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Abstract. In Alzheimer’s disease (AD), brain atrophy has been proposed to be left lateralized. Here, we reinvestigated the
asymmetry and lateralization (i.e., asymmetry directed toward one hemisphere) of grey-matter (GM) distribution in 35 patients
with AD, 24 patients with amnestic mild cognitive impairment (aMCI, a state of increased risk for AD), and 30 age-matched
healthy controls (HC). We analyzed GM distribution by applying voxel-based morphometry (VBM) including analyses for
asymmetry and lateralization. When comparing MCI with AD patients, VBM revealed GM loss in the entorhinal, temporoparietal,
dorsofrontal, and occipital cortices as well as in the precuneus; when comparing HCs with MCI patients, we found similar
differences, which were less pronounced especially within the temporoparietal cortex and precuneus. Analyses of regional
asymmetry and regional lateralization as well as global lateralization did not yield significant results. However, lobar asymmetry
of the temporal, parietal, and occipital lobes increased from HC to AD. Moreover, in aMCI and AD patients, performance of
language-based neuropsychological tests correlated with lateralization of GM loss to the left hemisphere. We conclude that, in
principle, brain atrophy in AD is asymmetric rather than lateralized. At the individual level however, asymmetry contributes to
cognitive deficits.
Keywords: Alzheimer’s disease, asymmetry, CERAD, lateralization, voxel-based morphometry

INTRODUCTION
In recent years, substantial progress has been made
in understanding the pathophysiology of Alzheimer’s
disease (AD) [1]. Yet the mechanisms that ultimately
give rise to its clinical picture are poorly understood.
Consequently, discrimination of the spatial distribution of grey-matter (GM) loss is commonly regarded
as a relevant contribution to this aspect of AD. Of
particular interest are differences in GM loss between
corresponding regions of both hemispheres, i.e., asym1
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metry of brain atrophy, since its demonstration implies
an interaction with factors involved in brain asymmetry
[2, 3]. In accordance with the previous literature, we
will refer to differences in GM between corresponding
regions of the 2 hemispheres that are not necessarily
directed towards one side as asymmetry. In contrast,
asymmetry directed towards one hemisphere will be
referred to as lateralization. Accordingly, asymmetry
and lateralization are always the same at the individual
level and can only diverge at the group level.
Brain asymmetry and lateralization have been
observed in animals and humans at the structural,
functional, and behavioral level with hereditary, environmental, and even pathological influences [4].
Besides handedness, specialization of the left hemisphere for language constitutes the earliest and
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most robust observation of functional lateralization.
Correspondingly, the most striking structural brain
asymmetry is observed around the perisylvian area
with the planum temporale, the center of Wernicke’s
area, being much larger on the left [5]. Notably,
some neurodegenerative diseases progress asymmetrically [4]. For example, motor symptoms of idiopathic
Parkinson’s disease are typically asymmetric with a
trend towards the dominant hand [6]. In contrast,
primary progressive aphasia typically shows leftlateralized brain atrophy in the perisylvian cortex as
reflected by the common word-finding difficulties at
onset [7]. In AD, however, data on asymmetry of atrophy are less clear.
Although possibly of low reliability [8], behavioral studies demonstrated an abnormal increase in
functional asymmetry in AD patients [9, 10]. Others
found a significant predominance of left-sided impairment [11] and even an influence of handedness [12].
Similarly, most studies using conventional nuclear
medicine imagine techniques found metabolic brain
asymmetry but no lateralization [13–20] but data on
leftward lateralization also exist [21, 22]. Likewise,
magnetic resonance imaging (MRI) data yielded leftlateralized atrophy of several cortical areas [23–26] but
not of the hippocampus [27]. Histopathological studies
demonstrated asymmetric but not lateralized distribution of neurofibrillary tangles and plaques [28–30].
Recent positron emission tomography (PET) studies of
plaques in vivo, and hence in earlier stages, indicated
leftward lateralization within the dorsal frontal cortex
and sensory-motor area in mild cognitive impairment
(MCI) and AD patients, while most areas displayed
symmetric plaque load [31]. Evidence for asymmetric
effects in animal models is even more sparse [32].

Of note, most studies that reported asymmetry or
lateralization in AD referred merely to visual impressions. If statistical tests were performed, the number of
patients was small. Therefore, we investigated asymmetry of brain atrophy in AD by statistical means in a
relatively large cohort of patients representing different
stages of the disorder, ranging from a state of high risk
for AD, amnestic MCI (aMCI), to later stages. Moreover, we related our findings to neuropsychological
data.
METHODS
Subjects
The study was performed in accord with the Helsinki
Declaration of 1975. Beforehand, we obtained written
informed consent from each participant and approval
by the local ethics committee. We recruited 35 patients
with AD and 24 with aMCI from our Memory
Clinic (Technische Universität München, Munich,
Germany). Thirty healthy controls (HC) were recruited
by word-of-mouth advertising and only included in
case of unremarkable neuropsychiatric evaluation.
Demographic and neuropsychogical data of the participants are given in Table 1. All patients underwent
psychiatric evaluation, neurological examination, standard laboratory testing, and neuropsychological testing
including the Clinical Dementia Rating (CDR) and
CERAD (“Consortium to Establish a Registry for
AD”) protocol.
The criteria for aMCI were the following [33, 34]:
memory complaints of the patient objectified by at least
one pathological subtest in the CERAD test battery
(Z value ≤1.0) and, preferably supported by an infor-

Table 1
Demographical data and neuropsychological parameters
N
Age (mean ± sd)
Female/male
Right-handedness (%)
CDR
MMSE (absolute values, 0–30)
CERAD data (Z value)
MMSE
Verbal fluency
Boston naming test
Wordlist memory
Wordlist recall
Constructional praxis
Constr.prx. recall
Education (years)

HC

aMCI

AD

p value

30
67 ± 8.7
20/10
100
n.d.
n.d.

24
69 ± 9.0
13/11
100
0.5 (24)
26.8 ± 1.7

35
71.1 ± 8.7
16/19
100
1 (23), 2 (12)
21.1 ± 4.6

n/a
n.s.
n.s.
n.s.
<0.001
<0.001

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
10.6 ± 1.7

–1.9 ± 1.5
–1.0 ± 1.1
–0.14 ± 1.5
–1.7 ± 1.2
–1.9 ± 1.2
–0.87 ± 1.7
–1.2 ± 1.2
10.4 ± 2.0

–6.8 ± 4.4
–1.8 ± 1.0
–1.6 ± 2.2
–3.4 ± 1.4
–2.7 ± 1.1
–2.8 ± 3.4
–3.3 ± 1.7
9.9 ± 2.5

<0.001
<0.05
<0.05
<0.001
<0.05
<0.05
<0.001
n.s.

MMSE, mini-mental state examination; n/a, not applicable; n.d., not determined; n.s., not significant.
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mant, preserved general cognitive function, intact activities of daily living, as well as no dementia according
to the Clinical Dementia Rating (CDR = 0.5). The 24
aMCI patients were classified [35] as multiple-domain
aMCI (n = 22), and single-domain aMCI (n = 2). All
AD patients met the criteria of the National Institute
of Neurological and Communicative Disorders and
Stroke and Related disorders Task Force [36]. Scores
of the CDR were 1 (n = 23) and 2 (n = 12) exclusively (mild to moderate AD). Forty-seven patients
were excluded from the original cohort of 108 patients.
Exclusion criteria were relevant neurological or psychiatric disease (e.g., stroke, somatoform pain disorder,
chronic alcohol abuse, restless legs syndrome, or head
trauma), motion artifacts on MRI, no clear attribution
to one group according to the above mentioned criteria,
and left-handedness. Moreover, MRIs showing more
than 2 white matter lesions over 10 mm or 8 lesions
between 5 and 9 mm on FLAIR images were excluded
as proposed by Bozzali et al. [37].
Magnetic resonance imaging
All brain images were acquired on the same 3 T
scanner (Achieva, Philips, Netherlands). For voxelbased morphometry (VBM), we used a 3D gradient
echo T1-weighted sequence (orientation, 170 contiguous sagittal 1 mm slices; field of view, 240 × 240 mm;
in plane resolution, 240 × 240 mm; voxel size,
1.0 × 1.0 × 1.0 mm; repetition time, 9 ms; echo time,
4 ms). To evaluate white matter lesions, we used
FLAIR images (orientation, 36 contiguous axial 4 mm
slices; field of view, 230 × 184 mm; in plane resolution, 240 × 138 mm; voxel size, 0.96 × 1.33 × 4.0 mm;
repetition/inversion time 11000/2800 ms; echo time,
120 ms). SPM8 software (Wellcome Department
of Imaging Neuroscience Group, London, UK;
http://www.fil.ion.ucl.ac.uk/spm) and the VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm.html) were
applied for data processing.
Voxel-based morphometry
For VBM, images were corrected for bias-field
inhomogeneities, registered using linear (12-parameter
affine) and nonlinear transformations, and tissueclassified into GM, white matter (WM), and
cerebrospinal fluid (CSF) within the same generative
model [38]. The segmentation procedure was further
refined by accounting for partial volume effects [39],
by applying adaptive maximum a posteriori estima-
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tions [40], and by applying a hidden Markov random
field model [41] as proposed recently [42]. We used
a template which was rendered symmetric around the
midsagittal plane to enable later voxel-based asymmetry analysis. The resulting GM images were modulated
to account for volume changes resulting from the
normalization process. Here, we considered only nonlinear volume changes so that further analyses did not
have to account for differences in head size. Finally
images were smoothed with a Gaussian kernel of 8 mm
(FWHM).
Global values of GM, WM, and CSF were derived
from the first segmentation process. These values were
corrected for head size through division by the total
intracranial volume (TIV), which was approximated
by the sum of global GM, WM, and CSF.
Voxel-wise analysis of asymmetry
and lateralization
As described above, we refer to differences in GM
between corresponding regions of the 2 hemispheres
that are not necessarily directed towards one side as
brain asymmetry while asymmetry directed towards
one hemisphere is referred to as lateralization. For
voxel-wise analysis of asymmetry (VBMasym) and
lateralization (VBMlat), we used an extension of VBM
which has been validated and described by Lüders
[43]. Accordingly, we generated one difference image
(DI) of each participant in an additional step before
smoothing (FWHM, 8 mm). In essence, the voxels of
these images comprise the relative (not absolute) surplus of GM in relation to the corresponding voxel of
the other hemisphere. To this end, the original GM
images (origGM) were flipped along the midsagittal
plane (flipGM). Then, we calculated the lateralization
index of each voxel by applying the following formula: (origGM-flipGM)/(0.5(origGM+flipGM)) or,
with other words, the differences between both images
were divided by the mean of both images in a voxelwise manner. This procedure resulted in DIs in that
the corresponding voxels of both hemispheres contain
numbers with the same numerical part but the opposite
sign (i.e., plus and minus).
To compare asymmetry and lateralization among
groups, we used the DIs for the following analyses:
1. Regional asymmetry (VBMasym): to detect
regions of significantly increased asymmetry,
we generated variance-focused F-maps (as
implemented in SPM8) through voxel-wise comparison of the smoothed DIs by creating an
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ANOVA model including all 3 groups and T-tests
for pair-wise group comparisons.
2. Regional lateralization (VBMlat): to detect
regions of significant lateralization, we generated
mean-focused T-maps (as implemented in SPM8)
through voxel-wise comparison of the smoothed
DIs by creating an ANOVA model including all
3 groups and T-tests for pair-wise group comparisons.
3. Global measures of asymmetry and lateralization: we calculated global measures of
asymmetry and lateralization with regard to the
hemispheres and brain lobes. Therefore, the voxel
values (VBM) of each lobe and hemisphere as
defined by the pickatlas [44] were summed up.
Again, we calculated the lateralization index
which was used for the analysis of lateralization whereas its numerical part was used for the
analysis of asymmetry.
Statistical analysis
For group comparisons of parametric demographical and neuropsychological data as well as global
imaging values, analysis of variance (ANOVA, including all 3 groups) and T-tests (pair-wise group comparisons) were performed. For group comparisons of
gender, Fisher’s exact test was applied (Software, SPSS
statistics 18.0). Only 2-sided P values are given.
All voxel-wise comparisons (VBM, VBMlat, and
VBMasym) were restricted to voxels with an a-priori
GM probability of >0.1 in order to include only voxels with sufficient GM and to avoid borderline effects
between GM and WM.
Of note, the definitions of asymmetry and lateralization imply that with regard to a certain brain
region, asymmetry other than lateralization can only
refer to the group level whereas lateralization can refer
to both the individual and group level. Hence, analysis of asymmetry and lateralization is justified for
group comparisons. However, correlation analyses of
individual test performance can, again, only be meaningful with regard to lateralization since we expect
individual test performance to correlate with GM loss
directed towards one hemisphere (lateralization) rather
than with GM loss directed towards one or the other
hemisphere (asymmetry).
For group comparisons, the HC and aMCI group, the
HC and AD group, as well as the aMCI and AD group
were compared in a pair-wise manner (T- and F-tests
extended by the nuisance variables of age, gender, and
education in years).

In order to analyze the functional relevance of individual lateralization, voxel-wise correlation analyses
with neuropsychological parameters were performed
by the use of a simple regression model, which
included all 61 patients (VBM and VBMlat). The following neuropsychological parameters of the CERAD
test battery were analyzed: Boston naming test, verbal
fluency, word list recall, word list memory, constructional praxis, and recall of constructional praxis. These
parameters were z-transformed to normalize for age,
gender, and education so that we did not have to include
these parameters as nuisance variables. We accounted
for the possibility of different underlying causes of
regional lateralization, namely GM loss within one
hemisphere, GM preservation within the other hemisphere, or combination of both effects. To address this
issue, we extracted the coordinates of each cluster peak
derived from VBMlat and then extracted the values of
this voxel and its contralateral counterpart from the
corresponding VBM. These values were then fed into
a multiple regression model with the neuropsychological parameter as dependent and the 2 voxel values (left
and right) as independent variables.
For statistical thresholding, we used a novel technique [45] called threshold-free cluster enhancement
(TFCE). This method takes a raw statistic image and
produces an output image in which the voxel-wise values represent the amount of cluster-like local spatial
support over voxel threshold. Significance and its correction for multiple comparisons is then determined
via permutation testing so that clusters are determined
without arbitrary height thresholds (i.e. “threshold
free”) and even largely independent from spatial presmoothing. We performed 1000 permutations and set
the significance threshold to 0.05 corrected (familywise error). For exploratory analyses, we relaxed the
significance threshold to 0.001 uncorrected.
For localization of GM changes (peak voxels),
we used the anatomy toolbox as implemented
in SPM8 (http://www.fz-juelich.de/inm/inm-1/spm
anatomy toolbox).

RESULTS
Demographic and neuropsychogical data
The demographic and neuropsychological data are
given in Table 1. As expected, scores of the minimental state examination (MMSE) were significantly
lower in the AD group than in the aMCI group
(p < 0.001). The AD group performed significantly

S. Derﬂinger et al. / Asymmetry in Alzheimer’s Disease

poorer in all other subtests of the CERAD protocol
(Table 1).
Voxel-based morphometry – group comparisons
All group comparisons of global GM (GM/TIV)
yielded significant results (T-tests, p < 0.003). The
voxel-wise comparison of the aMCI and AD groups
revealed GM loss in the entorhinal, temporoparietal,
dorsofrontal, and occipital cortices as well as in the
precuneus whilst comparison of the HC and aMCI
groups yielded similar differences that were less pronounced especially within the temporoparietal cortex
and precuneus (Fig. 1, Table 2). None of the tests of
the VBMlat and VBMasym showed significant results
even after exploratory lowering of the statistical thresh-
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old. Likewise, global measures of lateralization did not
differ significantly, nor did asymmetry of the frontal
lobe. In contrast, the remaining 4 global measures of
asymmetry (temporal, parietal, and occipital lobe as
well as hemisphere) increased significantly from HC
to AD (4 ANOVAs, each p < 0.006). Significant results
of pair-wise group comparisons are shown in Fig. 2.
Voxel-based morphometry − neuropsychological
parameters
Analyzing language-based tests (VBM) demonstrated correlation of word list memory with left-sided
GM reaching from the precuneus across superior parietal and lateral posterior temporal areas to the planum
temporale (Fig. 3, left upper panel; Table 3). VBMlat

Fig. 1. Group comparisons of grey-matter loss derived from conventional VBM. Axial slices of GM loss are projected onto the SPM template.
MNI coordinates are indicated in the left upper corners. The smoothed GM images were fed into T-tests. Healthy controls compared to aMCI
patients are demonstrated in the upper row, aMCI compared to AD patients in the middle row. Statistical thresholds were calculated by the
use of threshold-free cluster enhancement (TFCE). Only voxels surviving a significance threshold of p < 0.05 corrected are shown. Increasing
significance according to the TFCE score is color-coded as indicated by the bar at the bottom. Color coding was limited to a TFCE score of
4000 for visibility.
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Table 2
Group comparisons derived from voxel-based morphometry
MNI coordinates of peak voxels

Anatomical region

Cluster size

p-value corrected

Healthy controls > patients with mild cognitive impairment (VBM)
–26 –13 –12
Hippocampus L
1705
0.024
–16 0 –17
Parahippocampal g. L
0.029
–18 –5 –8
Amygdala L
0.045
–27 –85 6
Middle occipital g. L
5787
0.028
–10 –21 43
Middle cing. cortex L
43626
0.028
28 56 –3
Sup. orbital g. R
0.049
–26 54 7
Middle frontal g. L
0.048
Patients with mild cognitive impairment > patients with Alzheimer’s disease (VBM)
0 –55 54
Precuneus L
332525
0.001
52 –64 42
Angular g. R
0.001
58 –45 –21
Inferior temporal g. R
0.001
32 –72 25
Middle occipital g. R
0.001
–63 –55 12
Middle temporal g. L
0.001
–24 –78 45
Sup. parietal lobule L
0.001
–4 40 54
Sup. medial g. L
0.005

p-value uncorrected

TFCE score

0.004
0.004
0.005
0.004
0.004
0.006
0.005

1991
2098
2102
2103
2382
2389
2585

<0.001
0.001
0.001
0.001
0.001
0.001
0.001

9347
9296
9214
9137
9101
9083
5215

Note: Anatomical regions were derived from the Anatomy toolbox as implemented in SPM8. Cing., cingulate; g., gyrus; L, left; MNI,
Montreal Neurological Institue; R, right; sup., superior; TFCE, threshold-free cluster enhancement.

Fig. 2. Lobar asymmetry. Plots of lobar asymmetry values were z transformed according to the mean value and standard deviation of HC. Mean
values of lobar asymmetry differed among groups apart from the frontal lobe. p values derived from pair-wise group comparisons are indicated.
AD, Alzheimer’s disease; HC, healthy controls; MCI, mild cognitive impairment.

confirmed left-lateralized GM loss within the planum
temporale (Fig. 3, right upper panel; Table 3). A similar but less lateralized pattern of GM loss resulted from
the correlation with recall of word list memory (VBM).
Here, VBMlat did not yield significant results even
after exploratory analyses with more liberal thresholds
(not shown). The remaining language-based tests, i.e.,
the Boston naming and verbal fluency test, showed
pronounced perisylvian GM loss (VBM) predominantly on the left. Once more, this impression could
not be confirmed by VBMlat although after relaxing the statistical threshold, clusters appeared on the

left (not shown). In particular, the Boston naming
test also revealed the left planum temporale while
the verbal fluency test was related to leftward lateralization in the anterior insula and frontal operculum.
Multiple regression analyses of left-hemispheric peak
voxels (coordinates derived from VBMlat including
the exploratory findings) and their right counterpart (both values derived from VBM) demonstrated
that all clusters of left-lateralized GM loss resulted
exclusively from left-sided GM loss (voxel values of
the left, p < 0.01 voxel values of the right, p > 0.1)
although the left and right value were always strongly
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Fig. 3. Relation of regional grey-matter and its lateralization to neuropsychological performance. Analyses of regional GM are displayed in
the left column and analysis of its lateralization in the right column (axial slices projected onto the SPM template and maximum intensity
projections). MNI coordinates are indicated in the left upper corners. The smoothed GM and DI images were fed into regression analyses.
Upper panel: correlation of word list memory performance with GM (left, VBM) yields left-lateralized GM loss pronounced in the planum
temporale and precuneus; this visual impression was confirmed by lateralization analyses within the planum temporale (right; VBMlat). Middle
panel: correlation of recall of constructional praxis with GM yields wide-spread GM loss similar to that of the group comparison; lateralization
analysis did not yield significant results as symbolized by the empty axial slice and maximum intensity projection. Statistical thresholds were
calculated by the use of threshold-free cluster enhancement (TFCE). Only voxels surviving a significance threshold of p < 0.05 corrected are
shown. Increasing significance according to the TFCE score is color-coded as indicated by the bar at the bottom. Color coding was limited to a
TFCE score of 3000 for visibility.

correlated (Pearson’s correlation coefficient >0.5;
p < 0.001).
Analyzing constructive praxis-based tests demonstrated no significant correlation of GM loss with
constructional praxis while its recall was associated
with widespread bilateral GM loss (Fig. 3, left middle
panel; Table 3) comprising the temporal, parietal and
occipital cortex (VBM). No lateralization was found

(Fig. 3, right middle panel) even after relaxing the
significance thresholds.
DISCUSSION
We investigated asymmetry and lateralization of
brain atrophy in AD and aMCI, a state of high risk
(approx. 50%/2 y) for conversion to AD [46], at the
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Table 3
Correlation of regional grey-matter loss (VBM) and its lateralization (VBMlat) with neuropsychological performance

MNI coordinates of peak voxels

Anatomical region

Cluster size

Wordlist memory – lateralization (VBMlat)
–45 –24 10
Sup. temporal g. L
(planum temporale)
Wordlist memory – grey matter (VBM)
–66 –7 –9
Middle temporal g. L
–48 –51 39
Inf. parietal lobule L
–14 –70 45
Sup. parietal lob. R
–62 –39 –17
Inf. temporal g. L
–6 –66 39
Precuneus L
Constructional praxis recall – lateralization (VBMlat)
–
–
Constructional praxis recall – grey matter (VBM)
–57 –55 10
Middle temporal g. L
57 –52 46
Inf. parietal lobule R
–48 –49 27
Supramarginal g. L
–14 –58 45
Precuneus L
62 –33 4
Middle temporal g. R

p-value corrected

p-value uncorrected

TFCE score

562

0.015

0.001

1071

116688

0.006
0.009
0.007
0.006
0.007

0.001
0.002
0.001
0.001
0.001

3257
3256
3296
3255
3311

–

–

–

–

336045

0.002
0.003
0.003
0.003
0.003

<0.001
0.001
0.001
0.001
0.001

6460
6454
6268
6065
6027

Note: Anatomical regions were derived from the Anatomy toolbox as implemented in SPM8. g., gyrus; inf., inferior; L, left; MNI, Montreal
Neurological Institute; R, right; sup., superior; TFCE, threshold-free cluster enhancement.

regional and global level. We argue that, in principle,
brain atrophy in AD is asymmetric rather than lateralized, that data suggesting leftward lateralization may
have resulted from a selection bias, and that individual
asymmetry (i.e., lateralization) seems to contribute to
cognitive deficits.
With regard to group comparisons, our data are plausible and in line with previous findings. VBM yielded
robust results in accordance with earlier reports [37,
47–51], but we could neither demonstrate asymmetry
(VBMasym) nor lateralization (VBMlat) at the group
level. However, global measures of GM asymmetry
derived from the temporal, parietal, and occipital (but
not frontal) lobe as well as the whole hemisphere
increased from HC to AD indicating that AD pathology
tends to affect brain lobes and even the hemispheres
to different extents in an asymmetric but not lateralized manner. Asymmetry of occipital lobe atrophy may
seem surprising but has also been reported by others
[24]. Our findings are compatible with several conventional nuclear imaging studies that showed asymmetry
but no lateralization while operating at lower spatial
resolution and, hence, between the spatial levels of
voxel size and brain lobe [13–20]. Most similar to our
approach, Kovalev et al. calculated lobar asymmetry
values from SPECT data and found all lobes to be more
asymmetric (but, again, not lateralized) in AD than in
HC [16].
However, there are also substantial data pointing
to a leftward lateralization of atrophy in AD while
we are only aware of one report suggesting rightward lateralization [52]. Some of the studies indicating

lateralization did not compare the 2 hemispheres
by statistical means. Assuming asymmetry, it seems
possible that, dependent on the statistical threshold chosen, statistical parametric maps generated
the visual impression of lateralization although this
impression would not have survived statistical testing [23, 25, 49, 52]. Still, Thompson and colleagues
[24] used an image analysis technique known as cortical pattern matching in 12 AD patients and, by
statistical means, demonstrated leftward lateralization
of regional GM loss and its increase over the mean
follow-up interval of 2.1 years. Yet the observation of
longitudinal increase of leftward atrophy per se does
not further support the assumption of left-lateralized
brain atrophy which is a special form of asymmetry
and both of these possibilities are almost certain to
develop over time and, hence, to further increase once
they exist. Accordingly, asymmetric brain metabolism
in AD has also been demonstrated to increase over
time [15]. Furthermore, the chance selection of a small
sample of patients with left-lateralized atrophy from a
population with asymmetric atrophy (i.e., a mixture
of right and left lateralized atrophy!) is well conceivable while the opposite, the selection of a sample
with asymmetric brain atrophy from a population with
(only!) left-lateralized brain atrophy, is not. This possibility would imply a selection bias which may have
arisen from the fact that clinical scores are primarily
language-based resulting in a bias towards selection
of patients with left-lateralized atrophy. This explanation has already been suggested by others [19] and
complies with our finding of a significant correlation
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between language-based tests and left-lateralized brain
atrophy.
In line with basic concepts of language processing [53], tasks requiring language production
correlated primarily with left anterior regions and
performance requiring language perception primarily
with left posterior regions. Yet, lateralization according to the predefined significance thresholds could
only be demonstrated for word list memory within
the left planum temporale. Involvement of this region
in phonological working memory has been postulated
[54] and was recently demonstrated for auditory shortterm memory of digits which resembles the word
list memory task of the CERAD protocol [55]. Of
note, correlation with test performance was much
stronger for regional GM loss than for its lateralization as demonstrated by the large differences of the
respective TFCE scores (Fig. 3). The fact that only
left-sided GM loss explained variance in test performance points in the same direction as do results derived
from surface-based MRI morphometry [56]. Insofar,
we could demonstrate lateralization only for the most
lateralized tasks (i.e., testing of language-based skills)
within the most asymmetric brain region, namely the
planum temporale [4]. Only under this condition, the
regional GM of one side correlated so strongly with
test performance (VBM) that it remained significant
after including additional variance from the inefficacious right hemisphere (VBMlat). Lending support
to this idea, our explanatory analyses yielded further correlations of left-lateralized GM loss for tests
requiring language production within the second-most
asymmetric brain region, the anterior perisylvian area.
The finding of functionally relevant regional leftward
lateralization has also been demonstrated by others
for brain metabolism [57]. Yet in the light of overall asymmetry, these findings raise the question of
functionally relevant rightward lateralization which
was, indeed, demonstrated in several PET studies in
which tests other than the CERAD protocol were
applied. Meguro et al. investigated 34 AD patients
of whom 14 had a leftward and 12 had a rightward
impairment of visuospatial attention. This asymmetrically impaired function corresponded to a contralateral
decrease in absolute regional cerebral blood flow
within the parietal lobe [17]. Moreover, Haxby et al.
reported asymmetry of regional cerebral metabolic rate
of glucose to correspond with asymmetry of language
and visuospatial functions [14]. Likewise, functionally
relevant asymmetry of glucose metabolism was found
to correlate with semantic and non-semantic memory
capacity [21]. In conclusion, accumulating evidence
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from PET data also lend support to the notion of functionally relevant hemispheric asymmetry in AD.
Our study has some limitations. Apart from the
educational level, neuropsychological performance of
our HCs was not examined. No neuropsychological tests representing right hemispheric function were
performed so that the demonstration of functionally
relevant asymmetry remains incomplete. Moreover,
our aMCI group is unlikely to completely represent the
precursor of AD [46]. Finally, we cannot draw conclusions about the dynamics of asymmetry in AD from
our cross-sectional design.
In summary, our data demonstrate that, in principle,
brain atrophy in AD is asymmetric rather than lateralized. At the individual level, however, asymmetry
seems to contribute to cognitive deficits to a certain
degree.
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