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Abstract OBJECTIVE: The aim of the study was to assess structural changes in gray matter 
(GM) volume and fractional anisotropy (FA) in patients with Alzheimer’s disease 
(AD) compared to control subjects using Voxel-Based Morphometry (VBM). 
Fractional anisotropy in the corpus callosum of both groups was also calculated 
using ROI analysis.
METHODS: Twenty-one patients and twenty-three control subjects underwent MRI 
examination using T1-weighted 3D MPRAGE sequence and diffusion spin-echo 
echo-planar imaging sequence in six directions. Structural MRI analyses for GM 
volume and FA were performed using an optimized VBM protocol implemented 
in SPM5. The influence of age and Mini-Mental State Examination (MMSE) 
was dealt with multiple regression analysis either for the whole group or for AD 
patients and controls separately.
RESULTS: Patients showed significant reduction of GM volume mainly in the 
temporal lobes. In AD patients, no correlation was observed between GM volume 
and age or MMSE. FA was reduced in AD patients mainly in frontal and temporal 
lobes. In both groups no correlation was found between FA and age or MMSE. 
Patients with AD showed a significant decrease in FA and an increase in mean 
diffusivity (p < 0.0001) in the corpus callosum.
CONCLUSIONS: In patients with AD we observed a significant reduction in FA 
values and GM volume; however, no correlation with age and MMSE was proven 
for both FA and GM for AD patients. This finding supports the hypothesis that 
morphological changes in patients with AD are not a continuous aging related 
process but represent qualitative changes.
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Abbreviation and units:
NINCDS-ADRDA –  National Institute of Neurological and 

Communicative Disorders and Stroke/
Alzheimer’s Disease and Related Disorders 
Association

VBM  – Voxel-Based Morphometry
DTI  – Diffusion Tensor Imaging
MRI  – Magnetic Resonance Imaging
AD  – Alzheimer’s Disease
MMSE  – Mini-Mental State Examination
DW  – Diffusion Weighted
FA  – Fractional Anisotropy
ROI – Region of Interest 
MD  – Mean Diffusivity (10-3 mm2 / s)

INTRODUCTION 

With the increasing age of the population, Alzheimer’s 
disease (AD) has become an important public health 
problem. Alzheimer’s disease is a neurodegenerative 
disorder that is characterized by general brain atrophy 
with progressive executive dysfunction, and global cog-
nitive impairment (Bäckman et al. 2005). Many stud-
ies have shown that functional and structural damage 
in patients with AD are caused by the accumulation of 
β-amyloid protein and intraneuronal neurofibrillary 
tangles in the brain resulting in neural death or neural 
network dysfunction (Xie and Tanzi, 2006; Small, 2008). 
Stress (Esch et al. 2002) and the presence of mercury, 
aluminum and other metals in the brain may also play 
a role in the pathogenesis of AD (Mutter et al. 2004; 
Domingo, 2006). 

Voxel-based morphometry (VBM), a method based 
on either structural or functional magnetic resonance 
imaging (MRI) examination data to evaluate brain dif-
ferences between two groups, as well as diffusion tensor 
imaging (DTI) have become useful tools in research 
and clinical practice for the assessment of neurological 
diseases such as AD and other dementia (Good et al 
2001; Chua et al. 2008; Snook et al. 2007).

Although AD is assumed to mainly affect gray matter 
(GM), scores of studies using whole brain VBM analysis 
and other techniques show changes in both gray and 
white matter (WM) in patients with AD (Xie et al. 2006; 
Baron et al. 2001). The characteristic brain features of 
AD on MRI are widespread brain atrophy, ventricular 
enlargement, sulcal widening and increased cerebro-
spinal fluid (CSF) volume (Smith, 2002; Lehéricy et al. 
2007; Matsumae et al. 1996). Studies of patients with 
AD compared to control subjects showed a reduction 
of GM volume in the temporal and prefrontal cortices, 
insula, basal forebrain and precuneus (Apostolova et al. 
2007; Xie et al. 2006). VBM analysis of FA in the whole 
brain also showed regions of abnormalities with lower 
FA in patients with AD in the WM within the corpus 
callosum, superior longitudinal fasciculi, internal cap-
sules, and cerebral peduncules (Naggara et al. 2006; Xie 
et al. 2006).

The aim of this study was to assess changes in gray 
matter volume and values of FA in patients with AD 

compared to control subjects using optimized VBM 
analysis. Furthermore, in both groups we evaluated 
fractional anisotropy of the corpus callosum (CC) using 
ROI analysis to determine relationships between FA 
and age or MMSE.

METHODS

Subjects 

Twenty-one patients with AD (11 women and 9 men, 
mean age (mean ± SD) 73.67 ± 7.58 years; range 58–81 
years) according to the National Institute of Neu-
rological and Communicative Diseases and Stroke/
Alzheimer’s Disease and Related Disorders Association 
(NINCDS-ADRDA) criteria (McKhann et al. 1984) and 
twenty-three control subjects (18 women and 5 men; 
mean age 66.70 ± 5.82 years; range 60–80 years) under-
went MRI and DTI examinations. Control subjects did 
not have cognitive complaints. The study was approved 
by the Czech Ethics Committee of the Prague Psychi-
atric Centre and all patients and control subjects gave 
written informed consent to participate in the study.

MRI Acquisition

MRI examinations were performed on a 1.5T Siemens 
Vision MR scanner with a standard head coil using the 
following protocol: 1) T1-weighted (T1W) 3D mag-
netization prepared rapid acquisition gradient echo 
(MPRAGE) with these parameters: voxel size of 1 × 1 × 
1 mm, 160 sagittal slices, echo time (TE) of 7 ms, repeti-
tion time (TR) of 2010 ms, flip angle of 10°, and field of 
view (FOV) of 256 mm. 2) Diffusion weighted images 
(DWI) using spin-echo echo-planar imaging (SE-EPI) 
sequence with the following parameters: TR = 6 s, TE = 
110 ms, voxel size of 2.5 × 2.5 × 2.5 mm, 27 axial slices, 
3 averages, FOV = 320 mm, 6 diffusion directions, and 
two b-values: 0, 1000 s / mm2. 

Neurological demographic data 

Cognitive status in all subjects was evaluated using 
MMSE. The MMSE scores of the patients with AD 
were 15.60 ± 7.20 (mean ± SD) and in the control sub-
jects were 29.13 ± 0.99. The educational levels of the 
AD patients were 13.10 ± 2.95 years, and in the control 
group were 14.22 ± 2.36 years. There were significant 
differences in MMSE scores (p < 0.001) and age (p < 
0.002) between patients and control subjects. There-
fore, age was used as a covariate for all analyses. Table1 
shows participant demographic data (age, MMSE and 
education level).

VBM analysis

Data were analyzed using SPM5 with protocol imple-
mented of optimized VBM (http://www.fil.ion.ucl.
ac.uk/spm/software/spm5). Briefly, each 3D volume of 
T1W images was segmented into GM, WM, and cere-
brospinal fluid. Spatial normalization parameters were 
estimated by matching GM tissue with the standard 
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GM template provided by SPM5. The 
normalization parameters were applied 
to the original T1W images. Optimally 
normalized T1W images were then 
segmented into GM, WM, and CSF 
segments. In order to restore tissue 
volumes modified during normaliza-
tion processing, Jacobian modulation 
was applied to normalize GM and WM 
segments. Modulated GM and WM 
images were smoothed with a 10 mm 
full width at half maximum (FWHM) 
kernel. To avoid potential bias from 
the normalization process, anatomical, 
grey and white matter templates-refer-
eed to a stereotactic space – Montreal 
Neurological Institute (MNI) were cre-
ated, including all T1WI.

The diffusion-weighted (DW) 
images were first realigned for motion 
correction using SPM5. Then for each 
subject, all DW and non-DW (b0) 
images were registered to the b0 image 
and normalized to the T2-weighted 
image template in stereotactic space 
(MNI). The diffusion tensors for each 
voxel in the brain tissue were estimated 
using MedINRIA (Asclepios Research 
Project – INRIA Sophia Antipolis, 
http://www-sop.inria.fr/asclepios/soft-
ware/MedINRIA). A threshold of FA 
> 0.2 was selected and FA images were 
calculated. The T2-weighted image 
template from the MNI was used to 
determine normalization parameters 
subsequently applied, using affine 
transformation to the FA images. Nor-
malized FA images were then smoothed 
with a 10 mm kernel. A white matter 
mask derived from normalized WM 
image was used to restrict the FA anal-
ysis to the white matter.

Statistical analyses

The modulated, normalized, seg-
mented, and smoothed GM, WM and 
FA data were statistically tested by 
the use of SPM5 employing a general 
linear model (GLM), using t-test with 

Table 1. Participant demographics data (age, MMSE and education level). SD: Standard deviation; ns: not significant 

AD patients (n = 21) Controls (n = 23) p-value

Age, years (mean ± SD) 73.67 ± 7.58 66.70 ± 5.82 < 0.002

MMSE (± SD) 15.60 ± 7.20 29.13 ± 0.99 < 0.001

Education level, years(mean ± SD) 13.10 ± 2.95 14.22 ± 2.36 ns

Figure 1. The ROI selected of the corpus callosum in the midsagittal slice of the FA 
image (above). Scatterplots show correlations between fractional anisotropy (FA) 
and Mini-Mental State Examination (MMSE) scores (middle) and age (bottom).
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slice for each normalized FA image of 
AD and control subjects (Figure 1). The 
FA was then calculated in MedINRIA. 
For evaluating MMSE scores’ differences 
between both groups, a paired t-test was 
used (p < 0.001).

RESULTS 

Gray matter volume

Patients with AD showed a significant 
reduction of GM volume compared to 
control subjects mainly in the temporal 
lobes and sub-lobar regions (insulae). 
However, reductions were also observed 
in the left middle frontal lobe, right 
cuneus, right culmen of vermis and 
right parietal lobe (for details see Table 
2, Figure 2).

A negative correlation between GM 
volume and age was observed in control 
subjects in the superior temporal gyri 
(BA 38, 42, 22), middle temporal gyri 
(BA 21), left transverse temporal gyrus 
(BA 42), inferior frontal gyri (BA 47), 
left middle frontal gyri (BA 10), right 
precentral gyrus (BA6), right rectal and 
orbital gyrus (BA 11), occipital lobes 
(cuneus and lingual gyrus, BA 18, 19), 
left limbic lobe (uncus, BA 20), parietal 
lobes (BA 40, 43) and the right culmen 
of vermis. However, no correlation was 
observed between GM volume and 

Table 2. Regions of significantly reduced gray matter volume in patients with AD compared to control subjects. 
BA : Brodmann area; R = right, L = left, p-value < 0.005 with the FDR corrected. 

Brain regions 
Side
(L, R)

Talairach space
X, Y, Z (mm)

Cluster size
> 50 voxels

p-value< 0.005
(FDR cor)

T-value

Middle Temporal Gyrus, BA 21 L -66 -38 0 3765 0.001 6.76

Fusiform Gyrus, BA 36 L -46 -40 -26 < 50 0.001 6.51

Hippocampus L -30 -14 -16 < 50 0.001 6.20

Insula, BA 13 L -44 4 -4 2270 0.001 6.08

Anterior lobe, Culmen of vermis R 52 -40 -28 0.001 5.75

Inferior Temporal Gyrus, BA 20 R 62 -50 -16 1076 0.001 5.87

Inferior Temporal Gyrus, BA 20 R 70 -22 -20 < 50 0.001 5.29

Cuneus, BA 19 R 24 -86 38 < 50 0.002 4.74

Superior Parietal Lobule, BA 7 R 26 -72 46 63 0.001 4.96

Middle Temporal Gyrus, BA 19 R 56 -68 16 0.004 3.99

Angular Gyrus, BA 39 R 52 -66 36 185 0.001 4.88

Supramariginal Gyrus, BA 40 R 62 -54 30 < 50 0.002 4.51

Superior Temporal Gyrus, BA 38 R 32 12 -22 < 50 0.002 4.38

Middle Frontal Gyrus, BA 46 L -56 28 18 73 0.002 4.76

Insula, BA 13 R 44 -4 0 57 0.002 4.70

Figure 2. Regions of significantly reduced gray matter volume in patients with AD 
compared with control subjects in the temporal lobes, insulae, right parietal 
lobe and right cuneus.

age as the nuisance covariate. The influence of age and MMSE was 
treated in multiple regression analysis for either the whole group or for 
AD patients and controls separately. Voxel level inferences were used 
at p-value < 0.005 with the false discovery rate (FDR) correction, and 
clusters containing at least 50 contiguous voxels were reported. 

The region of interest (ROI) of the corpus callosum was manually 
selected (the boundaries of the CC were outlined) in the midsagittal 
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MMSE in control subjects. In the AD 
group we did not find any correla-
tion between GM volume and age or 
MMSE.

Fractional anisotropy

Compared to control subjects, the FA 
value in patients with AD was sig-
nificantly reduced in the frontal lobes, 
sub-lobar regions extra-nuclear WM, 
CC, left occipital lobe, right insula and 
temporal lobes (for details see Table 3, 
Figure 3). Despite this fact, our results 
did not confirm any significant cor-
relation between FA changes and age 
or MMSE in the control subjects or 
patients with AD (Figure 1).

Patients with AD showed a decline 
in FA (p < 0.0001) and an increase in 
mean diffusivity (MD) values com-
pared to control subjects using ROI 
analysis in the corpus callosum. The 
mean value of FA in the CC was 0.51 
(ranges 0.42–0.54) in patients with AD, 
whereas in control subjects it was 0.59 
(ranges 0.53–0.65). The mean value of 
MD was 1.26 (ranges 1.10–1.58) × 10–3 
mm2 / s in patients with AD and 1.03 

(ranges 0.93–1.17) × 10–3 mm2 / s in the control subjects. There was 
no significant correlation found between the FA and age in either the 
control subjects (r = – 0.05) or patients with AD (r = – 0.06) by using 
ROI analysis in the CC.

Table 3. Regions of significantly reduced FA in patients with AD compared to control subjects. 
p-value < 0.005 with the FDR corrected; R = right, L = left

Brain regions
Side
(L, R)

Talairach space
X, Y, Z (mm)

Cluster size
> 50 voxels

p-value< 0.005
(FDR cor)

T-value

Superior Temporal Gyrus R 40 -46 15 298 0.002 6.09

Sub-Lobar Extra-Nuclear, CC L -8 -17 14 1964 0.002 5.71

Inter-Hemispheric,Sub-Lobar Extra-Nuclear L -1 -16 9 < 50 0.002 5.60

Sub-Lobar Extra-Nuclear, Insula R 26 -28 10 < 50 0.002 5.32

Sub-Lobar Extra-Nuclear R 25 -1 9 1186 0.002 5.56

Frontal Lobe (Sub-Gyral) R 20 27 -9 < 50 0.004 4.31

Frontal Lobe (Sub-Gyral) R 19 19 -5 < 50 0.004 4.30

Superior Frontal Gyrus L -6 57 19 332 0.002 5.48

Rectal Gyrus, inter-Hemispheric R 5 49 -23 215 0.002 5.25

Middle Frontal Gyrus L -44 38 -4 382 0.002 5.21

Temporal Lobe (Sub-Gyral) R 39 -26 -10 121 0.002 5.14

Occipital Lobe (Lingual Gyrus) L -25 -56 1 189 0.002 5.10

Middle Frontal Gyrus R 30 54 19 56 0.002 5.10

Frontal Lobe (Sub-Gyral) R 41 9 14 316 0.002 5.02

Fusiform Gyrus L -43 -29 -20 147 0.002 4.98

Frontal Lobe (Sub Gyral) L -44 13 14 280 0.002 4.85

Insula R 46 -26 19 237 0.003 4.70

Middle Frontal Gyrus L -29 49 -3 70 0.004 4.30

Superior Frontal Gyrus L -20 36 31 56 0.004 4.22

Figure 3. Regions of significantly reduced FA values in patient with AD 
compared to control subjects. The color coding represents T-values.
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DISCUSSION

Our data confirmed previous findings that the pro-
gressive cognitive impairment in Alzheimer’s disease 
is a consequence of general brain atrophy (Xantha-
kos, 1996). The present optimized VBM showed GM 
volume reduction in patients with AD compared to 
control subjects in the temporal lobes that are consis-
tent with previous VBM findings in AD patients (Xie et 
al. 2006; Baron et al. 2001; Busatto et al. 2003; Karas et 
al. 2003; Frisoni et al. 2002). In accordance with previ-
ous findings, our study also showed GM volume atro-
phy in AD patients in both insulae, left middle frontal 
gyrus (Frisoni et al. 2002), and parieto-occipital regions 
(right angular gyrus, right supramarginal gyrus and 
right cuneus) (Kinkingnéhun et al. 2008). The present 
study further confirmed previous studies that did not 
find any significant GM volume reduction in control 
subjects compared to AD patients (Karas et al. 2003).

Several studies showed significant negative correla-
tions between global GM volume and age in healthy 
controls (Abe et al. 2008; Smith et al. 2007; Tisserand et 
al. 2004). Our study showed GM volume reduction with 
age in healthy controls in the temporal and frontal lobes 
which are in agreement with previous VBM findings 
in control subjects (Abe et al. 2008; Smith et al. 2007; 
Alexander et al. 2006; Good et al. 2001). The present 
findings confirmed that continuous physiological atro-
phy of GM only in the control subjects proceeded with 
age. However, the morphological changes in patients 
with AD are not a continuous physiological process 
related to aging but represent qualitative changes in 
the brain in patients with AD.

The FA value reductions in patients with AD in the 
frontal and temporal lobes (Table 3, Figure 3) were con-
sistent with previous FA findings in AD (Teipel et al. 
2007; Medina et al. 2006; Li et al. 2008). The FA decline 
in the mentioned lobes is a demonstration of changes in 
WM tracts and may reflect executive dysfunction and 
memory decline in patients with AD. The FA decline in 
the sub-lobar extra-nuclear WM in patients is consis-
tent with previous findings in AD patients (Medina et 
al. 2006). Our findings (FA decline) in the frontal and 
temporal lobes of patients can be also supported by pre-
vious DTI studies in AD (Naggara et al. 2006; Bozzali 
et al. 2002; Duan et al. 2006). The absence of significant 
correlation between FA and MMSE in patients with AD 
is in accordance with several previous studies (Naggara 
et al. 2006; Takahashi et al. 2002; Bozzali et al. 2001).

The corpus callosum is the massive and most impor-
tant commissural bundle that connects both hemispheres 
and plays a very important role in the interhemispheric 
communication of the brain. Therefore, the abnormali-
ties in FA values of the corpus callosum may reflect the 
integrity of WM tracts, resulting in cognitive dysfunc-
tion in patients with AD. The FA decline and increase in 
MD values in patients with AD in the corpus callosum 
are consistent with previous studies that demonstrated 

changes in FA and MD values in patients with AD (Li et 
al. 2008; Bozzali et al. 2002; Thomann et al. 2006). The 
absence of correlations between FA and MMSE in con-
trol subjects (r = 0.059) and in AD patients (r = 0.113) 
in the corpus callosum [Figure 1] is in accordance with 
the previous findings in patients with AD (Naggara et 
al. 2006; Takahashi et al. 2002).

Previous studies (Ota et al. 2006; Stadlbauer et al. 
2008; Grieve et al. 2007; Salat et al. 2005) demonstrated 
FA decline with age in the corpus callosum. Conversely, 
the present study did not confirm correlations between 
FA and age in the CC in either the controls or patients, 
although a trend for negative correlation was observed. 
The different findings may be attributed to two reasons: 
firstly, in contrast to the above studies where studied 
groups included subjects of a wide age range (Ota et al. 
2006; Stadlbauer et al. 2008; Grieve et al. 2007; Salat et 
al. 2005) no younger subjects (below 58 years of age) 
were present in our study. Secondly, the placement and 
the size of the volume of interest differed between the 
above-mentioned studies and our study. Many authors 
used a small sphere for ROIs analysis in the genu and 
splenium of the corpus callosum (Salat et al. 2005; 
Duan et al. 2006), and then calculated FA in each region 
separately. In the present study, the boundaries of the 
corpus callosum were manually outlined in the midsag-
ittal slice as ROIs. This indicates that the FA/age depen-
dence may be different for particular areas in the CC. 
However, this finding remains to be investigated using 
detailed spatial analysis of the corpus callosum.

CONCLUSION 

We observed significant changes in GM volume and FA 
values in patients with AD compared to control sub-
jects. The absence of correlation of GM volume with 
age in patients confirmed that AD is not a continuous 
progression of morphological changes with age but rep-
resents qualitative changes in GM brain structures. 
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