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Purpose. Mild cognitive impairment (MCI) is thought to be the

prodromal phase to Alzheimer’s disease (AD). We analyzed patterns of

gray matter (GM) loss to examine what characterizes MCI and what

determines the difference with AD.

Materials and methods. Thirty-three subjects with AD, 14 normal

elderly controls (NCLR), and 22 amnestic MCI subjects were included

and underwent brain MR imaging. Global GM volume was assessed

using segmentation and local GM volume was assessed using voxel-

based morphometry (VBM); VBM was optimized for template

mismatch and statistical mass.

Results. AD subjects had significantly (12.3%) lower mean global

GM volume when compared to controls (517 F 58 vs. 590 F 52 ml; P b

0.001). Global GM volume in the MCI group (552 F 52) was

intermediate between these two: 6.2% lower than AD and 6.5% higher

than the controls but not significantly different from either group.

VBM showed that subjects with MCI had significant local reductions in

gray matter in the medial temporal lobe (MTL), the insula, and

thalamus compared to NCLR subjects. By contrast, when compared to

subjects with AD, MCI subjects had more GM in the parietal

association areas and the anterior and the posterior cingulate.

Conclusion. GM loss in the MTL characterizes MCI, while GM loss

in the parietal and cingulate cortices might be a feature of AD.
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Introduction

Mild cognitive impairment (MCI) is a clinical term describing

the transitional state between normal aging and dementia (Petersen

et al., 2001). Patients with amnestic MCI are characterized by

isolated episodic memory loss greater than expected by age alone,

but not enough to meet criteria for probable Alzheimer’s disease

(AD) (McKhann et al., 1984). Recent MRI research in MCI shows

atrophy of the parahippocampal gyrus and medial temporal lobe

(MTL) in one study (Visser et al., 1999), and of the entorhinal

cortex, the banks of the superior temporal sulcus, and the anterior

cingulate in another (Killiany et al., 2000) compared to controls.

The choice of which structure to measure is likely to have been

guided by histopathological staging research, which particularly

identifies the medial temporal lobe as being involved early in AD

(Braak and Braak, 1991; Delacourte et al., 1999). It has been

recognized though that there might be a discrepancy between

amyloid deposition, tangle formation, and neuronal loss: Neuronal

loss is greater than what would be expected from direct amyloid

damage alone (Gomez-Isla et al., 1997) and that might be reflected

on gray matter loss (GML) on MRI. Likewise, in vivo measures of

hypometabolism in the brain appear to follow a different pattern

than the histopathological (Braak) stages (De Santi et al., 2001;

Mega et al., 1997; Mega et al., 1999). Loss of synaptic

neurotrophic support might lead cortical areas in the brain to

exhibit atrophy earlier than would have been anticipated neuro-

pathologically (Braak and Braak, 1991; Smith, 2002a). In other

words, extrapolating neuropathological findings to describe AD

and its prodromal stages introduces a certain degree of bias toward

conformance to the Braak staging. A recent study attempted to

correct for the bias and identify atrophic regions in MCI vs. AD

(Chetelat et al., 2002). In that study, the authors used a statistical

framework based on local statistical maxima to highlight GML



G.B. Karas et al. / NeuroImage 23 (2004) 708–716 709
throughout the whole brain but failed to find hippocampal volume

differences between MCI and AD. To tackle the methodological

issues and assess the suggestion (Chetelat et al., 2002) of a lack of

hippocampal atrophy, we undertook a project to quantify the extent

of GML in MCI patients as measured by MRI and verify whether

the hippocampus continues to loose volume or not in AD. We

employed neurocomputational methods that search the whole brain

for differences and quantify the extent and asymmetry of brain

GML (Ashburner and Friston, 2000; Ashburner et al., 2003;

Grenander and Michael, 1998) or quantify global GM in a robust

manner (Smith et al., 2002).
Fig. 2. Effect of threshold value on VBM results interpretation. In the upper

panel, the T map was thresholded at P = 0.0001 and in the lower panel at P =

0.001. Notice that by lowering the threshold, the left MTL appears more

atrophic and the right parietal association area and caudate head are enlarged.

The cingulate cortex almost does not appear at all atrophic at the high

threshold, but is obviously abnormal at the lower threshold.
Materials and methods

Subjects with amnestic MCI (Petersen et al., 1999) and late-

onset probable Alzheimer’s disease (AD) (McKhann et al., 1984)

were selected from consecutive referrals to an outpatient memory

clinic in the period 2000–2002. To be included, every patient had

to have received an MRI scan examination on the same scanner.

The diagnosis of amnestic MCI was made if the subject had a score

on the Global Deterioration Scale of 3 (Reisberg et al., 1982) and

had impairment on memory tests as judged by a neuropsychologist.

Specifically, the Petersen criteria were operationalized by including

patients exhibiting memory complaints and neuropsychological

evidence of a memory disorder N1.5 standard deviation below

cutoff for normal aging, and no evidence for a deficit in any other

cognitive domain, no activities of daily living (ADL) interference,

and no clinical dementia. Healthy elderly controls (NCLR) were

recruited among spouses or relatives of the patients.

Accordingly, MCI subjects with impairments in domains other

than memory were excluded. Other exclusion criteria were history

of depression, cardiovascular disease, or extensive vascular disease

on MRI. In addition, subjects were excluded if the MRI scan did

not allow VBM analysis.

MRI was performed on a 1.0-T Siemens Magnetom Impact

Expert system (Siemens, Erlangen, Germany). Anatomical high-

resolution scans were obtained as whole-brain T1-weighted 3D

MPRAGE (magnetization prepared rapid acquisition gradient echo)

volumes and were acquired in the coronal plane (TR, 15 ms; TE, 7

ms; TI, 300 ms; flip angle, 158). Voxel sizes were 1 � 1 � 1.5 mm.

For the visual assessment of vascular burden, 2D FLAIR (Fluid

Attenuated Inversion Recovery) images were acquired in the axial

plane (TR, 9000 ms; TE, 105 ms; TI, 2200 ms; flip angle 1808).
Fig. 1. Coronal sections of gray matter partitions of the NCLR group. On

the left is the template derived from the usual VBM creation method and on

the right is the template after transformation matrix averaging has occurred

in the semi-Riemannian manifold. Note that the template on the right is

much better defined, indicating that global anatomical variability has been

reduced (a prerequisite for application of VBM).
Image processing

Data were analyzed at a global level using the cross-sectional

version of Structural Image Evaluation, using Normalization, of

Atrophy (SIENAX) as part of the FSL Oxford software suite

(Smith et al., 2002): http://www.fmrib.ox.ac.uk/fsl/. For local-level

analysis, we employed VBM methodology by SPM99 (http://

www.fil.ion.ucl.ac.uk/spm) running on MatLab 6.1 (The Math-

works, MA, USA). Additional special customized scripts in

MatLab automated all VBM steps and ensured consistency. Image

processing functions and visualization routines were coded in IDL

5.6 (Research Systems, Boulder, CO, USA). Advanced image

registration was performed with AIR version 5 (freely available at:

http://bishopw.loni.ucla.edu/AIR5/) (Woods, 2003). Skull extrac-

tion was performed with the Brain Extraction Tool (BET) from the

FSL suite (Smith, 2002b). All processing steps were done on a

Linux Workstation. All source code, templates, and extra scripts

are freely available from the corresponding author upon request.

Global gray matter loss: SIENAX

The SIENAX algorithm was applied to estimate gray matter

volumes corrected for skull size and is an algorithm that has been

shown to perform well on differing slice thickness and sequences

(Smith et al., 2002). SIENAX registers a scan to standard space,

strips the skull, segments the gray matter, and uses the stripped

 http:\\www.fmrib.ox.ac.uk\fsl\ 
 http:\\www.fil.ion.ucl.ac.uk\spm 
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Fig. 3. Axial slices of the MNI standard brain with the automatic probability anatomical regions overlaid. These regions were used to estimate the statistical

mass and gray matter lobar volume. Red = frontal lobe; green = parietal lobe; orange = temporal lobe; blue = occipital lobe.
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skull to adjust the results for head size. In our implementation, we

noticed that the skull extraction algorithm (BET) performed better

if the scan was brought with rigid body registration to standard

space first, because then the center of the sphere BET uses to

expand is then in the center of the brain parenchyma.

Regional gray matter loss: optimized VBM with manifold

projection

We applied optimized VBM with some modifications necessary

for analyzing dementiaMRI scans (Karas et al., 2003). Briefly, scans

were registered twice: once to standard space and once to a local

space. Local space is usually created by averaging the scans after

they have been registered to standard space. Because there has been

debate about misregistration influencing the results of VBM
Table 1

Demographics and clinical findings

AD MCI subgroup NCLR

Sample size 33 22 14

Sex (F/M) 16/17 14/8 8/6

Age mean

(SD, range)

73.9

(3.8, 66–81)

71.4

(6.9, 53–79)

70.2

(9.8, 50–81)

MMSE score

(SD, range)

21.1

(5.3, 4–28)

26.4

(1.9, 24–30)

27.8

(1.7, 24–30)

Note: Ages were comparable for all groups at P N 0.05 (ANOVA). The

MCI total and MCI subgroup did not differ for age (P = 0.8) and MMSE

(P = 0.7).

MMSE scores between AD and NCLR differed at P b 0.001 (Kruskall–

Wallis nonparametric test).
(Ashburner and Friston, 2001; Bookstein, 2001) and one of the

assumptions for a correct VBM is reduced global anatomical

variability (Ashburner and Friston, 2000), we enhanced the

averaging process at the template-creation step by projecting the

affine transformationmatrices, whichmap all scans to a random scan

from the group, to a semi-Riemannian manifold and averaging them

there, thus creating a common transformation matrix for all scans

(Woods, 2003). Subsequently, this matrix was applied to all scans

and the process was iterated two times until maximum convergence

was reached (semi-Riemannian manifolds and semi-Riemannian
Fig. 4. Box plot of SIENAX-generated gray matter volumes. We notice that

the AD group has lower gray matter volume than the MCI and the control

group. Statistical analysis of the data showed that significance is present

only between AD and controls.
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geometry are advanced theoretical concepts of a multidimensional

curved space, upon which the theory of relativity is based). This

method removes registration bias arising from discrepancies

between template and scan; it does not matter if some of the scans

do not match the template very well: All scans will converge toward

a dhalfwayT common target (defined by the average transformation)

spreading residual registration errors in an unbiased fashion.
Fig. 5. MCI vs. NCLR at P = 0.001(uncorrected). In MCI subjects, atrophy is con

areas.
Subsequently, gray matter, white matter, and cerebrospinal fluid

were extracted and the gray matter intensity partitions were mapped

by nonlinear registration (5� 7� 5 basis functions) to the common

gray matter template and resampled at 1 � 1 � 1 mm, to maximize

use of structural information. Morphological opening was per-

formed to correct for misclassified periventricular partial volume

voxels (Karas et al., 2003). To accommodate for shrinking and
fined in the MTL region without any major involvement of higher cortical



Table 2

Global gray matter volume by disease group

GM mean

(SD) [ml]

GM loss as percent

of NCLR [%]

AD 517.4 (58.2) 12.3

MCI 551.5 (52.1) 6.5

NCLR 590.0 (51.8) –

Note: The three groups significantly differed in gray matter (GM) global

volumes as determined by SIENAX [for a one-way ANOVA, F(3,69) =

9.02, P b 0.0001]. A Bonferroni post hoc test demonstrated significantly

different global gray matter volumes for AD and NCLR ( P b 0.001), but

not between AD and MCI ( P = 0.08), or MCI and NCLR ( P = 0.134).
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expanding effects of the nonlinear registration part, we performed

modulation (Ashburner and Friston, 2000). To evaluate registration

success, we created a gray matter template with usual VBM

methodology and one with transformation matrix projection. The

latter template was much better defined compared to the usual VBM

template, indicating reduced global anatomical variability (Fig. 1).

Statistical analysis of VBM

When performing statistics in a functional MRI (fMRI)

experiment, one usually applies Gaussian kernel smoothing and

the general linear model (Friston et al., 1996) to detect activations,

i.e., changes in blood oxygen level dependent (BOLD) response.

This statistical methodology was initially adopted en bloc by

neurocomputational methods involving structural analysis. There

are certain caveats though that might render this implementation

troublesome (Thompson et al., 2003). The first drawback is the

arbitrary setting of significant P values (or the equivalent T scores).

Different thresholds reveal different structural changes. In Fig. 2,

we demonstrate the absence of cingulate atrophy when setting the

threshold to P = 0.0001 and presence of cingulate atrophy when

using the lower threshold of P = 0.001 in the VBM AD vs. MCI

comparison. The second drawback is the report of statistics

according to cluster peak and extent. The peak is the maximum

T score in a cluster and the extent is the number of connected

voxels to that cluster. In a diffuse disease such as AD, cluster

analysis would search for local maxima and form clusters around

them, but leave widespread changes untouched unless they

happened to have a local maximum. Thirdly, multiple-comparison

correction methods have been used to adjust for statistical error but

not for biological effect. It is evident that 3 million voxels of the

same brain are not independent observations. That is especially

true for voxels falling within the same Gaussian kernel. Con-

versely, if the same disease process causes atrophy of neighboring

voxels, correcting for multiple comparisons would inevitably

adjust for the assumed statistical type I error but also filter out

the biological effect. Ultimately, one has to balance statistical

significance with biological relevance.

To account the aforementioned issues, we applied the concept

of statistical mass. Initially, traditional VBM statistics were

calculated with SPM99 using the general linear model as

previously described (Friston et al., 1996; Karas et al., 2003).

Two-sample t tests were used to calculate the statistical contrasts.

By comparing three groups, the number of contrasts one is allowed

to perform is only two because the third contrast is already implied

in the other two comparisons. Hence, we performed VBM analysis

only for MCI vs. NCLR and MCI vs. AD. Subsequently, we

partitioned the VBM statistical maps according to predefined

anatomical regions and calculated the T-mean per anatomical

region, thus determining the dstatistical massT (SM) in the

anatomical region (Bullmore et al., 1999). Appropriate choice of

the anatomical regions to use was performed after the VBM maps

were inspected visually to identify the atrophic areas. 3D standard

anatomical probability maps (in MNI space) were used to mask the

VBM maps (Fox and Lancaster, 1994; Hansen et al., 1999, 2001).

The 3D anatomical probability maps range from 0 (null) to 1

(maximum) probability that a voxel belongs to the specified

anatomical region. After visual inspection of the anatomical

probability maps and taking into account that the gray matter

volumes were smoothed with a kernel of 12 mm, a cutoff value of

0.5 for probability was used for voxel assignment (Fig. 3). We
could compare T-mean values between the two analyses because at

relatively large samples, the corresponding T value for various P

values varies only in the third decimal (e.g., at P = 0.001, the T

value is 3.591 for 35 subjects and T = 3.551 for 40 subjects;

Altman, 1991). Because a high statistical value may either arise

because of true difference or low variability, we estimated gray

matter subvolumes over the anatomical probability regions.

Statistical mass results are expressed in Table 3 and differences

in subvolumes are expressed as percent changes in Table 4.

Statistical analysis of SIENAX

SPSS 11 was used. Group comparisons for age and SIENAX

means for GM were compared by ANOVA and differences

between the means of the three groups were assessed by a post

hoc Bonferroni test, when appropriate (nonsignificant homogeneity

of the means and significant F value). Because of the ordinal

nature of MMSE (an arbitrary rating scale), Kruskall–Wallis

nonparametric test was performed by applying a Monte Carlo

simulation of 10,000 sampling to test for differences between the

three groups in MMSE scores.
Results

The total MCI population comprised of 68 subjects, 22 out of

which fulfilled the inclusion criteria. The other two groups

consisted of 33 subjects with AD and 14 control subjects. All

groups were comparable for age at scanning. Demographics and

clinical variables are presented in Table 1. To ensure that the

selected MCI subpopulation was representative for the total MCI

sample, we compared age and mini-mental state examination

(MMSE, max score = 30; Folstein et al., 1975) between the

included and excluded MCI subjects (no statistical significance, P

for age = 0.8, P for MMSE = 0.7). As expected, the selected MCI

subgroup comprised of individuals with very mild cognitive

decline (mean MMSE of 26.4, range 24–30) and the AD group

consisted of patients with mild cognitive decline (mean MMSE of

21.1, range 4–28).

MCI vs. NCLR

Comparing the three groups for global gray matter volume

demonstrated a significant difference (P b 0.0001). At post hoc

analysis, this appeared to be caused by the comparison of AD vs.

NCLR (12% global GM volume reduction of GM, Bonferroni P b

0.001). The MCI group had a much smaller reduction of 6.5% of
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global GM volume compared to the NCLR subjects, which was not

statistically significant (Bonferroni P = 0.13) reflecting the

considerable overlap between the groups (Fig. 4). The two groups,

however, markedly differed in terms of the pattern of regional gray

matter (Fig. 5; Tables 3 and 4). On a lobar level, the most significant

difference in MCI subjects compared to NCLR subjects was seen in

the parietal lobes followed by the frontal lobes. Focusing on a more

detailed level, the structure most affected in subjects with MCI was

the thalamus bilaterally followed by the superior temporal cortex
Fig. 6. AD vs. MCI at P = 0.001 (uncorrected). AD subjects demonstrate more atro

cortex. The quantified VBM maps for these findings indeed confirmed the vis

consequently introduce bias.
bilaterally, the left insula, and the hippocampus bilaterally.

Compared to the NCLR subjects, MCI subjects had only modest

SM differences in the parietal association areas, the retrosplenial

cingulate cortex, and the temporo-parietal cortex.

MCI vs. AD

The difference in gray matter volume between MCI and AD

subjects was 6.2%, which did not reach statistical significance (P =
phy in the medial temporal lobe, but also in the parietal cortex and cingulate

ual appearance of the VBM maps without the need to set threshold and



Table 4

Mean percentage differences of gray matter of anatomical regions

Label Mean percentage difference (%)

NCLR vs. MCI MCI vs. AD

L R L R

Lobes

Frontal lobe 4.5 3.1 11.1 9.4

Temporal lobe 1.7 0.8 10.9 11.2

Parietal lobe 6.3 7.2 13.1 12.4

Occipital lobe 0.5 �0.2 12.9 11.2

MTL, basal ganglia, and insula

Amygdala 3.3 4.1 10.7 7.6

Hippocampus 4.9 5.9 7.9 5.5

Thalamus 13.4 12.4 14.1 14.2
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0.08; Table 2). VBM analysis revealed clear differences in SM in

several brain regions (Fig. 6; Tables 3 and 4). Subjects with AD

showed a greater SM in the temporal and parietal lobes compared

to subjects with MCI. Subjects with AD also showed a greater SM

of the frontal and occipital lobes but this difference was less

pronounced. On a more detailed level, the structure that had the

greatest SM in AD patients compared to MCI patients was the left

amygdala, closely followed by the rest of the MTL structures. The

left insula was not more involved in AD compared to MCI patients.

SM in AD patients was more severe at the left side than at the right

side (with the exception of the insula). Parietal association areas

demonstrated a high SM, comparable to the levels seen in the

MTL. Involvement of the cingulate cortex was also noted, with the

retrosplenial cingulate equally involved as the parietal association

and with the anterior cingulate a little less.

Caudate head 4.6 4.1 10.5 10.6

Insula 4.6 3.2 6.9 8.2

Superior temporal cortex 7.2 6.4 8.5 10.7

Cortical association areas and cingulate

Parietal association 2.3 3.0 18.7 16

Retrosplenial cingulate 3.1 3.5 7.3 5.9
Discussion

In the current study, we used two different methodologies to

quantify gray matter differences in MCI patients compared with
Anterior cingulate �0.2 1.2 9.2 8.1

Table 3

Statistical mass (standard deviation) by anatomical region

Label Corrected mean T value

NCLR vs. MCI MCI vs. AD

L R L R

Lobes

Frontal lobe 0.58

(0.40)

0.54

(0.37)

1.45

(0.49)

1.33

(0.45)

Temporal lobe 0.47

(0.29)

0.39

(0.27)

2.06

(0.58)

2.20

(0.63)

Parietal lobe 0.74

(0.370)

0.77

(0.43)

2.09

(0.80)

1.95

(0.59)

Occipital lobe 0.44

(0.29)

0.31

(0.20)

1.77

(0.68)

1.41

(0.68)

MTL, basal ganglia, and insula

Amygdala 1.07

(0.51)

1.26

(0.74)

3.17

(0.66)

2.35

(0.62)

Hippocampus 1.14

(0.72)

1.32

(0.67)

2.12

(0.79)

1.47

(0.62)

Thalamus 1.81

(0.57)

1.49

(0.64)

2.20

(1.26)

1.84

(0.92)

Caudate head 0.95

(0.67)

0.74

(0.50)

2.28

(0.75)

1.94

(0.49)

Insula 1.52

(0.74)

0.93

(0.54)

1.64

(0.66)

1.97

(0.52)

Superior

temporal cortex

1.61

(0.78)

1.37

(0.46)

2.06

(0.50)

2.39

(0.39)

Cortical association areas and cingulate

Parietal association 0.68

(0.38)

0.62

(0.36)

2.69

(0.95)

2.16

(0.88)

Retrosplenial

cingulate

0.74

(0.35)

0.57

(0.28)

2.61

(1.02)

1.73

(0.77)

Anterior cingulate 0.25

(0.15)

0.32

(0.19)

1.99

(0.92)

1.37

(0.41)

Note: These values are quantitative T statistics and should be interpreted as

absolute values. For example, the T statistic for the left amygdala in the

MCI-AD comparison is 3.17 and the corresponding value for the MCI-

NCLR comparison is 1.07, indicating that the degree of atrophy in the

amygdala in the first case is roughly three times of that in the second case.
normal controls and AD patients. While global gray matter volume

did not clearly distinguish MCI from the other two groups,

spatially varying differences were detected between groups,

whereby the MCI group differed from the NCLR group in terms

of atrophy of the MTL region, thalamus, and insula. By contrast,

GM losses in the parietal association cortices and cingulate cortex

were hallmarks of the AD group when compared to MCI. The AD

subjects also had more atrophy in the MTL, indicating an ongoing

atrophic process in that area.

Atrophy of the anterior cingulate, postulated to be an early

marker of AD (Killiany et al., 2000), was not a distinctive feature

when MCI patients were compared to NCLR, but was quite evident

when the AD group was compared to MCI. Interestingly, in the

study by Killiany et al., posterior cingulate involvement was only

evident when MCI was compared to controls, but not between AD

and MCI. The differences between these studies may be technical,

but also differences in patient selection, with our MCI group being

closer to NCLR than AD for their MMSE scores.

In a recent VBM study, a similar pattern of parietal atrophy was

found in Alzheimer’s patients compared to MCI patients (Chetelat

et al., 2002). That study did not reveal any hippocampal atrophy in

the transitional stage from MCI to AD, suggesting a plateau had

been reached, or even postulating that neural plasticity compen-

sated for the volume loss (Chetelat et al., 2002). In our study

though, the hippocampus still demonstrated atrophy in the AD

group. This discrepancy may be due to the fact that in the study by

Chetelat et al., the hippocampal atrophy might have just been under

the arbitrary significance level set by the authors, or due to

differences in disease severity of the MCI populations.

In a previous study we conducted with moderate to severe

Alzheimer’s patients, we observed a close adherence to the Braak

stages (Karas et al., 2003): MTL atrophy accompanied by diffuse

neocortical atrophy with the exception of the occipital cortex and

the sensorimotor strip. In the current study, we did not aim to look

at cumulative atrophy in AD compared to controls, but atrophy in

the regions that would distinguish MCI from AD and NCLR. We

noticed that atrophy patterns still seemed to adhere to the Braak
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staging, with the exception of the thalamus. Early thalamic

involvement, not a characteristic of the Braak staging, has been

observed in recent metabolic hypoperfusion studies (Callen et al.,

2002; Chetelat et al., 2003b; Nestor et al., 2003) and reported as a

discriminative factor of AD in recent meta-analysis (Zakzanis et

al., 2003), but manual outlining of the thalamus is necessary to

confirm this finding. Brain atrophy or hypometabolism might

exhibit themselves in areas further away from the expected Braak

pattern; recently, it has been reported that parietal association

metabolic impairment differentiates AD from MCI (Chetelat et al.,

2003b) and that these metabolic reductions might even exceed gray

matter volume losses (De Santi et al., 2001). Our current study, on

the other hand, using a sample of comparable age and MMSE

scores with the study of de Santi et al., demonstrated possible

neocortical GML in the AD group, but unfortunately we did not

have PET data to compare the difference in magnitude. Arguably,

the gray matter measurements of the De Santi group were not

optimally tuned to evaluate cortical atrophy (gyral–sulcal varia-

bility makes it very difficult to perform accurate region of interest

measurements in cortical areas) and accordingly find a correlation

with metabolic impairment. Interestingly, another recent study

(Chetelat et al., 2003a) measured the dissociation between

hypometabolism on FDG-PET and VBM of MRI in MCI and

correlated encoding and retrieval findings with only the hippo-

campal loss (VBM) and posterior cingulate hypometabolism

(FDG-PET). It remains unclear why the VBM study of Chetelat

et al. was unable to demonstrate posterior cingulate involvement,

while in our case it was possible. Methodological differences in the

VBM implementation or focusing only on the encoding–retrieving

task might explain the discrepancy.

Our results agree with the findings of a recent meta-analysis of

volumetric studies in AD (Zakzanis et al., 2003), where it was

found that disease duration of less than 4 years was mainly

characterized by atrophy in the MTL region, while disease duration

of more than 4 years (hence higher probability of having true AD

clinical picture) showed extension to other structures like the

caudate nucleus, parietal-occipital regions, and frontal and parietal

lobes.

Our findings indicate a laterality trend of the atrophic process.

The AD group demonstrated more left-sided atrophy. This comes

in accordance with several VBM studies (Baron et al., 2001; Karas

et al., 2003), sulcal-warping studies (Thompson et al., 2001, 2003),

SPECT and PET studies (Duara et al., 1986; Johnson et al., 1998;

Loewenstein et al., 1989), which support left greater than right

hemispheric involvement in AD. The right hemisphere has been

described as having a btime lagQ in demonstrating atrophy

(Thompson et al., 2003). The finding of greater right medial

temporal atrophy in MCI is intriguing. It is known that healthy

brain is asymmetrical in structure and function (Toga and

Thompson, 2003), with the right hippocampus approximately 5%

larger than the left (Jack et al., 2003). It is unclear why our MCI

group demonstrated inversed laterality. A recent study suggested

that disease duration of less than 2 years is associated with larger

left than right hippocampi in MCI and AD patients (Bigler et al.,

2002). It remains to be elucidated, in case laterality inversion does

take place, whether a time frame of 2 years forms a pivotal point.

A drawback of the implementation of regionalized statistical

mass, via the MNI standard masks, is that distorted pathology

might bpullQ structures out of the anatomical mask, thus creating

artificially reduced gray matter. That might be especially true in the

case of AD pathology with known ventricular expansion. For this
reason, we opted for empirically wider anatomical masks, which

would ensure the structures of interest fall within the mask.

Another weakness of this study is its cross-sectional nature and the

temporal pattern of evolution suggested by the two separate

comparisons needs to be validated in a longitudinal study where

each subject serves as its own control in a framework of high-

dimensional transforms and voxel-compression mapping (Scahill

et al., 2002; Schott et al., 2003). An additional limitation is that

some of the MCI subjects may not develop AD but may have MCI

due to other causes. Therefore, the differences between NCLR and

MCI subjects who will convert to AD may have been under-

estimated (and those between MCI and AD overestimated).

In summary, while MCI might indeed lie empirically dhalfwayT
between AD and NCLR, as indicated by global GM measurements,

spatially varying anatomical areas are involved in this transitional

phase, suggesting that early changes in AD involve the MTL,

thalamus, and insula, while established AD also involves parietal

association areas and cingulate.
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