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Cognitive function requires a high level of functional interaction between regions of a network supporting
cognition. Assuming that brain activation changes denote an advanced state of disease progression, changes in
functional connectivity may precede changes in brain activation. The objective of this study was to investigate
changes in functional connectivity of the right middle fusiform gyrus (FG) in subjects with mild cognitive
impairment (MCI) during performance of a face-matching task. The right middle FG is a key area for processing
face stimuli. Brain activity was measured using functional MRI. There were 16 MCI subjects and 19 age-matched
healthy controls. The linear correlation coefficient was utilized as a measure of functional connectivity between
the right middle FG and all other voxels in the brain. There were no statistical differences found in task
performance or activation between groups. The right middle FG of the healthy control and MCI groups showed
strong bilateral positive linear correlation with the visual cortex, inferior and superior parietal lobules, dorso-
lateral prefrontal cortex (DLPFC) and anterior cingulate. The healthy controls showed higher positive linear
correlation of the right middle FG to the visual cortex, parietal lobes and right DLPFC than the MCI group,
whereas the latter had higher positive linear correlation in the left cuneus. In the healthy controls, the right
middle FG had negative linear correlation with right medial frontal gyrus and superior temporal gyrus and with
left inferior parietal lobule (IPL), angular gyrus, superior frontal gyrus and anterior cingulate gyrus, but the MCI
group had negative linear correlation with the left IPL, angular gyrus, precuneus, anterior cingulate, and to right
middle temporal gyrus and posterior cingulate gyrus. In the negatively linearly correlated regions, the MCI
group had reduced functional connectivity to the frontal areas, right superior temporal gyrus and left IPL.
Different regions of the cuneus and IPL had increased functional connectivity in either group. The putative
presence of Alzheimer’s disease neuropathology in MCl affects functional connectivity from the right middle FG
to the visual areas and medial frontal areas. In addition, higher linear correlation in the MCI group in the parietal
lobe may indicate the initial appearance of compensatory processes. The results demonstrate that functional
connectivity can be an effective marker for the detection of changes in brain function in MCI subjects.
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Introduction
Strategies for the early detection of the effects of Alzheimer’s  changes measured using PET (Azari ef al., 1993; Minoshima
disease on brain function have relied primarily upon assess- et al., 1997; Caselli et al., 1999; De Santi et al., 2001; Reiman

ment of resting cerebral blood flow or glucose metabolism et al, 2001; Alexander et al, 2002; Herholz et al, 2002;

© The Author (2006). Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org



1114 Brain (2006), 129, 1113-1124

Silverman et al., 2002; Chetelat et al., 2003; Grundman et al.,
2004; Reiman et al., 2004) or on differences in activation due
to a cognitive paradigm measured using PET or functional
MRI (fMRI) (Pietrini et al, 1996; Backman et al, 2000;
Bookheimer et al., 2000; Rombouts et al, 2000; Small
et al., 2000; Grady et al, 2001, 2003; Greicius et al., 2004;
Rombouts et al., 2005). There has been a more limited focus
on utilizing the functional interactions between regions of a
cognitive network as a possible marker for the detection of
Alzheimer’s disease (Azari et al., 1993; Horwitz et al., 1995;
Grady et al., 2001). In particular, Azari et al. (1993) found
that the decrease in interactions between the frontal and
parietal association cortices varied between healthy control
subjects and mild to moderate stage Alzheimer’s disease
patients. Further supporting the breakdown in functional
connections between frontal and posterior cortices, Grady
et al. (2001) found that Alzheimer’s disease patients had a
functional disconnection between the prefrontal cortex and
the hippocampus and suggested that memory breakdown
early in the disease progression is related to a reduction in
the integrated activity within a distributed network that
includes these two areas. In addition, measurements of
white matter tracts using diffusion tensor imaging showed
structural changes in Alzheimer’s disease patients compared
with healthy controls (Rose et al, 2000; Bozzali et al., 2001;
Bozzali et al., 2002; Stahl et al., 2003; Choi et al., 2005).
Alzheimer’s disease patients showed a highly significant
reduction in the integrity of the association white matter
fibre tracts, such as the splenium of the corpus callosum,
superior longitudinal fasciculus and cingulum (Rose et al.,
2000; Stahl et al., 2003), and degeneration of white matter
tracts in frontal, temporal and parietal lobes (Bozzali et al.,
2001; Bozzali et al., 2002; Choi et al., 2005). Given that cog-
nitive function entails the integration of different regions into
a neural network for successful completion of a task, it is
expected that a task demanding a high level of neuronal
cooperation may be a sensitive diagnostic tool for Alzheimer’s
disease. This is supported by studies that suggest that Alzhei-
mer’s disease type neuropathology affects intracortical prop-
erty neurons specifically (Armstrong, 1993; Mann, 1996).
Assuming that interacting regions are an important prere-
quisite for normal cognitive function, changes in the inter-
action among regions of a network could precede changes in
regional activation.

In the present study we tested this idea in a group of
subjects with mild cognitive impairment (MCI) (Petersen
et al., 1999, 2001). Subjects in this group had a higher risk
of conversion to Alzheimer’s disease than cognitively normal
subjects (Flicker et al., 1991; Bowen et al., 1997; Petersen et al.,
1999; Daly et al., 2000; Ritchie et al., 2001; Bennett et al., 2002;
Larrieu et al., 2002; Palmer et al., 2002; Lopez et al., 2003). We
have shown that in a face-matching task there were no sta-
tistically significant differences in activation between the MCI
and a healthy control group (Bokde et al., submitted for
publication). In both groups the main peak of activation
in the posterior cortex was in the right middle fusiform
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gyrus (FG). As the right middle FG is a key structure in
the processing of face stimuli (Allison et al, 1994; Puce
et al., 1995, 1996; Haxby et al., 1996; Kanwisher et al,
1997; Gauthier et al., 2000; Haxby et al, 2001), we investi-
gated whether the functional connectivity of the right middle
FG to the rest of the brain differs between groups. The pro-
posed analysis addresses the need for research methodology
that can detect a brain deficit before it becomes visible as a
baseline condition. Functional connectivity was determined
by evaluating the positive and negative interregional linear
correlation coefficient between the peak activation voxel in
the right FG and all other brain areas in both the MCI and
healthy control groups. Functional connectivity has not been
utilized previously to investigate changes in groups of subjects
that may be at high risk for developing Alzheimer’s disease.

Methods

Subjects

A total of 16 MCI patients and 19 healthy controls were included in
the study (demographic and neuropsychological profiles are given in
Table 1). The MCI patients were recruited from a specialized
Alzheimer’s disease clinic in the Alzheimer Memorial Center, Lud-
wig Maximilian University, Munich, Germany. MCI was diagnosed
using the criteria established by Peterson et al. (1999, 2001). The
diagnosis criteria were, briefly, (i) memory impairment for the age
and education of the subject, (ii) normal cognitive function outside
of memory and (iii) no impairment in activities of daily living.
Memory complaint was corroborated by a close family member
and clinical judgement was utilized to determine whether there
was impairment in daily living. The threshold for determining mem-
ory impairment was 1.5 SD below the age norms (Welsh et al., 1994;
Berres et al., 2000) in one of the three memory subtests of the
CERAD neuropsychological test battery: word list memory, word
list recall and word list recognition (Morris et al, 1989). The neu-
ropsychological profiles of the MCI subjects have been included as a

Table 1 Demographic and neuropsychological charac-
teristics of the healthy control and MCI groups

Healthy MCI

controls subjects
Number 8M/IIF 8M/8F
Age 66.7 (4.2) 69.9 (7.8)
Education 12.8 (2.9) 13.2 (3.3)
MMSE [30] 29.2 (1.0) 27.2 (1.5)*
Word list memory [30] 23.9 (3.0) 15.9 (3.5)*
Word list recall [10] 8.3 (1.8) 3.8 (2.0)*
Word list recognition [10] 9.9 (0.2) 8.4 (1.6)**
Verbal fluency 24.1 (7.0) 16.7 (4.3)**
Modified Boston Naming Test [15] 14.6 (0.7) 14.1 (1.7)
Constructional praxis [I1] 10.5 (0.8) 10.4 (1.0)

Values given in [ ] brackets indicate maximum possible score for
each specified test except verbal fluency, for which a maximum
score does not exist. Values are given as mean (standard
deviation). *Statistically significant difference at the P < 0.0001
level. **Statistically significant difference at the P < 0.001 level.
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supplement. The evaluation included medical, neurological, psy-
chiatric and neuropsychological examinations; laboratory testing;
EEG investigations and structural MRI. Subjects were excluded if
they had cortical infarction, excessive subcortical vascular disease,
space-occupying lesions, any type of dementia or any other type of
disease that might impair cognitive function (e.g. major depression).
The healthy controls did not have active neurological or psychiatric
illness, did not have an illness that could affect cognitive function
and were independently functioning members of the community.
This group was recruited from the community through a local adult
education programme and from partners of the MCI subjects. MCI
and healthy control subjects were excluded also on factors based on
MRI criteria such as pacemaker implant, metallic implants and
claustrophobia. In addition, all subjects had normal vision or
that corrected to the normal standard by the use of MRI-
compatible eyeglasses. All subjects gave written informed consent
to participate in the study after the study was explained to them. The
study was performed in accordance with the Declaration of Helsinki
and the Ethics Committee of the Medical Faculty of Ludwig Max-
imilian University approved the study.

Stimuli and task

The face-matching task consisted of two faces presented simulta-
neously, and participants were asked to decide on each trial whether
the pair of faces was identical. If it was, the subject would respond by
pressing a button in the right hand. No response was required if the
pair of faces was dissimilar. The faces were grey scale stimuli where
only the face was visible (ears, hair and neck were edited out). Each
trial was 2.8 s long, with an interval of 0.318 s between each pair of
faces. There were eight trials per block and three blocks of the task in
each run, and 80% of the pairs of faces were matched pairs. The
faces were obtained from the Max Planck Institute for Biological
Cybernetics database (Blanz and Vetter, 1999). In the control task,
the subject had to press the button every time a pair of abstract
images appeared. There were four blocks of the control task and the
parameters for the presentation of the images were identical to the
face-matching task. There was a single run per subject. There was
another task measured in each subject and the tasks were rando-
mized across subjects. The other task is not the subject of this report.

Scanning

The imaging sequence was an interleaved T,-weighted echoplanar
sequence with 28 axial slices (slice thickness = 4 mm and slice gap =
1 mm, repetition time (TR) = 3.6 s, echo time (TE) = 60 ms, flip
angle = 90°, field of view (FOV) = 240 mm, matrix = 64 X 64) and
69 volumes were acquired per run (each volume was measured in
2.8 s with 0.8 s gap between volumes) on a 1.5 T Siemens Magnetom
Vision scanner (Erlangen, Germany). For anatomical reference in
each subject, a T;-weighted sequence with 28 slices was acquired in
the same orientation as the EPI sequence (TR = 620 ms, TE = 12 ms,
flip angle = 90°, FOV = 240 mm, matrix = 224 X 256, rect. FOV =7/8,
effective thickness = 1.25 mm), and a high resolution T,-weighted
3D magnetization prepared rapid gradient echo (MPRAGE) struc-
tural image was obtained (TR = 11.4 ms, TE = 4.4 ms, flip angle = 8°,
FOV = 270 mm, matrix = 224 X 256, rect. FOV = 7/8, effective
thickness = 1.25 mm).

Data analysis

The data were analysed off line on a computer with an Intel Pentium
III CPU (San Jose, California, USA), running Linux (Red Hat
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version 7.0, Red Hat Inc, Raleigh, North Carolina, USA) using
AFNI (Cox, 1996) (http://afni.nimh.nih.gov/afni) and FSL
(FMRIB Software Library—http://www.fmrib.ox.ac.uk/fsl).

The initial step was to delete the first four volumes of each scan to
remove the initial Ty magnetic transients in the data. The remaining
data were corrected for the timing differences between each slice
using Fourier interpolation. Then the data were corrected for
motion effects (six-parameter rigid body), where the reference
volume was in the centre of the run. Then global proportional
scaling was applied to the data, the time series was high pass filtered
with a filter cut-off of (1/100) Hz, the functional images were trans-
formed to standard stereotaxic space using the structural images (as
defined by the Montreal Neurological Institute/International Con-
sortium for Brain Mapping 152 standard (MNI/ICBM), as contained
within the FSL software package) and the data were smoothed using
a Gaussian filter with a full width of 8 X 8 x 8 mm at half maximum.
The data of each group were averaged into a single dataset to pro-
duce a mean time series. The functional connectivity at each voxel
was calculated using the averaged time series. Thus, in effect we
calculated the functional connectivity for the average subject in
each group.

The structural images of the non-brain tissue were edited using
BET first (Smith, 2002) and then edited manually for any remaining
non-brain tissue on the images. The EPI images were first co-
registered to the 28-slice T,-weighted image (seven-parameter
rigid body), the 28-slice T,-weighted image was registered to the
MPRAGE image (seven-parameter rigid body) and the MPRAGE
image was registered to the MNI/ICBM template (12 parameter).

To determine functional connectivity the linear correlation coef-
ficient was calculated between the time series at the location of the
peak activation in the right middle FG and the rest of the brain.
Because of the spatial smoothing of each voxel, a single voxel’s
activity can be taken as the activity of a region around that voxel.
The strongest peak of activation in the right FG was located at the
coordinate (40, —75, —13 mm) with a Z-value of 5.09 and at the
coordinate (36, —71, —12 mm) with a Z-value of 5.37 for the MCI
and healthy control groups, respectively. The difference in location
of the peaks between both groups was <6 mm. We computed the
linear correlation (both positive and negative) in both groups with
reference to both voxel locations. We found no differences in func-
tional connectivity within each group relative to both locations, so
we have presented in this report the functional connectivity with
reference to the voxel location in the healthy control group.

Statistical significance was set at the voxel level at a linear correla-
tion coefficient value of 0.32, which corresponds to P < 0.01 in a
time series of 65 data points. Only clusters with a minimum of
50 contiguous voxels (voxel size = 2 X 2 X 2 mm, for a minimum
cluster size of 400 pl) above the threshold level were computed as
statistically significant. To check whether the linear correlation was
different between groups, the linear correlation coefficient was con-
verted into Z-values using the Fisher Z-transformation. To compare
the equality of the linear correlation coefficient between groups, a
two-tailed f-test based on the Z-transformation was performed.
Statistical significance for each voxel was set at P < 0.01 and each
cluster size had a minimum of 50 continuous voxels above the
threshold level.

The location of the activation in the brain was found with refer-
ence to the Talairach and Tournoux template (Talairach and
Tournoux, 1988). To convert the MNI/ICBM coordinates to the
Talairach and Tournoux coordinates, we used a non-linear
transformation method developed by M. Brett for transforming
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coordinate location between both stereotaxic spaces (see online at
http://www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html).

Results

This section contains a description of the location of the
correlation coefficient peaks in the healthy control and
MCI groups for the face-matching task, as well as the
peaks in differences in the correlation coefficient between
groups.

Neuropsychological and behavioural
performance

There were statistically significant differences in the mean
scores between both groups in the MMSE, word list
memory, word list recall, word list recognition, and verbal
fluency subtests of the CERAD battery (see Table 1, t-test,
P < 0.05, uncorrected for multiple comparisons). In the
naming and constructional praxis of the CERAD there
were no statistically significant differences. The memory
impairment in the MCI group was distributed across word
list memory, word list recall and word list recognition. As can
be seen, the MCI group had lower performance than the
healthy controls in the verbal fluency subtest, even though
the performance of the MCI group was within the normal
range. This decrease in verbal fluency performance could
indicate executive function impairment. The level of educa-
tion in both in the healthy control and MCI groups was
12.8 (2) and 13.2 (3.3) years, respectively. There was no
statistically significant difference in education (unpaired
t-test, P > 0.05).

The performance in the face-matching task was not differ-
ent statistically, with a mean correct response rate (mean and
standard deviation) of 91.7 (7.2) and 87.8 (11.3) for the
healthy control and MCI, respectively (#-test, P> 0.05 level).
The response time was 1.53 (0.32) s and 1.46 (0.32) s for the
healthy control and MCI, respectively. There was no statis-
tically significant difference in response time between groups
(#-test, P> 0.05 level). The age and gender distributions were
not statistically different.

Functional connectivity in the healthy
control group

There was strong linear correlation of the right middle FG
with a wide network of regions in the right and left hemi-
spheres (Table 2 and Fig. 1). The linear correlation peaks
within the right hemisphere were located in cuneus, lingual
gyrus, occipital gyrus, inferior and superior parietal lobule,
FG, hippocampus, middle temporal gyrus (MTG), and within
the frontal lobe in the inferior and middle frontal gyri and
anterior cingulate gyrus. The linear correlation peaks in the
left hemisphere were located in lingual gyrus, middle occipital
gyrus, FG, MTG, inferior parietal lobule (IPL), and within the
frontal lobe in the inferior frontal gyrus and prefrontal gyrus.
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Table 2 Location of statistically significant positive
functional connectivity peaks in healthy controls

Region Brodmann x y z CC
area
Right hemisphere
Occipital lobe
Cuneus 17 4 —97 3 0.66
Lingual gyrus 18 8 -72 5 0.84
Occipital gyrus 18 40 -87 3 094
Superior occipital gyrus 19 28 —65 31 0.89
Parietal lobe
Inferior parietal lobule 40 50 -28 31 0.73
Superior parietal lobule 40 34 —54 49 094
Temporal lobe
Fusiform gyrus 37 36 —51 —18 0.94
Middle temporal gyrus 39 36 =71 15 092
Hippocampus 18 —10 —13 0.72
23 -24 -7 0.75
Frontal lobe
Inferior frontal gyrus 47 36 27 -8 0.85
54 23 -5 0.84
45 38 24 19 0.89
42 22 12 090
44 42 5 27 093
50 13 25 0.93
10 34 58 3 073
Middle frontal gyrus 47 42 50 -9 0.79
46 44 37 15 0.89
Anterior cingulate gyrus 32 4 23 41 084
Limbic system
Thalamus 18 —29 3 0.66
Left hemisphere
Frontal lobe
Inferior frontal gyrus 44 —40 7 20 0.79
47 —-34 21 -4 074
Prefrontal gyrus 6 —44 2 30 08I
—-34 —4 37 082
Parietal lobe
Inferior parietal lobule 40 —26 —54 43 083
Temporal lobe
Middle temporal gyrus 20 —44 —30 —14 0.75
Fusiform gyrus 37 —40 —-55 —16 09I
Occipital lobe
Lingual gyrus 19 —22 —54 3 074
18 —10 —74 -8 0.85
Middle occipital gyrus 37 —46 —-72 -7 093
—-30 -25 —4 071
19 —44 -8l 8 0.85
-32 -75 15 0.87
Basal ganglia
Putamen -20 -9 12 08l

CC = linear correlation coefficient.

In addition, there were regions of the brain with
negative linear correlation with the right middle FG. These
regions were located in the right hemisphere in the
superior temporal gyrus and medial frontal gyrus. In the
left hemisphere there were peaks in the IPL, angular gyrus,
superior frontal gyrus and anterior cingulate gyrus [see
Table 4(a)].
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Fig. | Map of the regions linearly correlated with the right fusiform gyrus in healthy control.

Functional connectivity in the MCI group

The locations of the linear correlation peaks in the MCI group
were as extensive as in the healthy control group (Table 3 and
Fig. 2). Within the right hemisphere the peaks were located in
the middle and occipital gyri, MTG, inferior and superior
parietal lobule, and inferior and medial frontal gyri. The
locations of the peaks in the left hemisphere were located
in the cuneus, occipital gyrus, inferior and middle occipital
gyri, FG, superior parietal lobule (SPL) and inferior frontal
gyrus.

In addition, the MCI group had negative peaks of linear
correlation within the right hemisphere in the MTG, precu-
neus and anterior cingulate. In the left hemisphere the peaks
were located in the IPL, angular gyrus, and posterior cingulate
gyrus (Table 4).

Differences in functional connectivity
between MCI and healthy control groups

The areas of higher positive linear correlation in healthy con-
trols compared with MCI subjects were located primarily in
the visual processing areas of the brain (Table 5 and Fig. 3). The
peaks were located within the right hemisphere in the cuneus,
lingual gyrus, FG, inferior, middle and superior temporal
gyrus, angular gyrus, SPL, precentral gyrus, and inferior
and middle frontal gyri and cerebellum. In the left hemisphere
the peaks were located in the cuneus, lingual gyrus, FG, mid-
dle occipital gyrus, inferior and middle temporal gyri, para-
hippocampal gyrus, angular gyrus, inferior frontal gyrus, and
precentral gyrus, thalamus and cerebellum.

In particular, when examining the data on the slice at
z= —12 mm (Fig. 3), the regions of highest positive linear
correlation (yellow on the image) of the healthy control
compared with the MCI was in the left FG. This indicates
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Table 3 Location of statistically significant positive
functional connectivity peaks in MCI
Region Brodmann x y z CC
area
Right hemisphere
Occipital lobe
Middle occipital lobe 19 34 -8l Il 078
Superior occipital gyrus 19 22 70 37 072
Temporal lobe
Middle temporal lobe 39 30 —67 20 0.70
Parietal lobe
Inferior parietal lobe 40 32 50 43 082
48 —33 40 0.65
Superior parietal lobe 7 22 —63 53 072
Frontal lobe
Inferior frontal gyrus 47 34 23 I 0.74
46 38 30 Il 076
44 44 9 2 082
52 I3 33 085
Medial frontal gyrus 8 4 33 41 072
Left hemisphere
Occipital lobe
Cuneus 17 —-22 —I10l 2 073
Occipital gyrus 19 —-50 80 I 0.86
Inferior occipital gyrus 19 —42 -80 —4 086
Middle occipital gyrus 19 —44 83 10 0.80
Temporal lobe
Fusiform gyrus 37 —46 55 —17 0.76
—44 53 —11 0.74
-34 51 —18 0.75
Parietal lobe
Superior parietal lobule 7 —28 —54 50 0.70
Frontal lobe
Inferior frontal gyrus 44 —52 9 29 071
-37 I 27 074
—-38 3 20 072
47 -32 23 -1 070

CC = linear correlation coefficient
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Fig. 2 Map of the regions linearly correlated with the right fusiform gyrus in MCI.

Table 4 Location of statistically significant negative functional connectivity peaks in healthy controls and MCI subjects

Region Brodmann area X y z CcC
Healthy controls
Right hemisphere
Superior temporal gyrus 22 54 —4 2 —0.51
Medial frontal gyrus 10 4 51 3 —0.65
Left hemisphere
Superior frontal gyrus 10 —24 64 —10 —0.61
10 —24 65 20 —0.61
Anterior cingulate gyrus 32 -8 31 —10 —0.62
24 -8 35 -2 —0.63
Angular gyrus 39 —48 —70 31 —0.57
Inferior parietal lobule 40 —55 —56 45 —0.47
MCI subjects
Right hemisphere
Precuneus 31 0 -6l 23 —0.60
Middle temporal gyrus 39 46 -72 29 —0.60
Anterior cingulate 32 0 43 0 —0.51
Left hemisphere
Inferior parietal lobe 40 —54 —55 23 —0.45
Angular gyrus 39 —48 —66 37 —0.51
Posterior cingulate gyrus 31 —14 —55 27 —0.60

CC = linear correlation coefficient.

that the linear correlation between both fusiform gyri was
much stronger than in the MCI group.

In the areas of positive linear correlation with the right
middle FG, the MCI group had significantly higher linear
correlation in the left cuneus. The increased linear correl-
ation in MCI compared with healthy controls was located
superior to the areas where the healthy control had higher
positive linear correlation than the MCI group (Table 6,
peaks with [+] symbol appended to Z-value). In the superior
part of the cuneus, there was no statistically significant

linear correlation in the healthy control to the right middle
FG region.

Comparing the regions where either of both groups had
negative linear correlations with the middle FG, we found
that the healthy control group had no regions of reduced
negative linear correlation (i.e. closer to zero) compared
with the MCI group. The peaks of reduced negative linear
correlation in the MCI group compared with the healthy
control group were located in the right hemisphere in
the superior temporal gyrus, anterior cingulate gyrus and
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Table 5 Peaks of functional connectivity significantly
higher in healthy controls than in MCI

Region Brodmann x y z Z-value
area
Right hemisphere
Frontal lobe
Middle frontal gyrus 6 28 6 46 5.38
28 10 51 542
46 2 44 484
Inferior frontal gyrus 44 48 5 13 557
Precentral gyrus 6 34 —6 41 4.19
Parietal lobe
Superior parietal lobe 7 12 —57 56 4.88
Angular gyrus 39 30 —59 31 559
Temporal lobe
Inferior temporal gyrus 20 68 —26 —16 4.10
34 —8 —40 4.19
Middle temporal gyrus 39 46 —69 18 7.79
Superior temporal gyrus 38 36 I5 —28 479
Occipital gyrus
Cuneus 18 26 —99 9 4.09
31 4 =77 6 499
Lingual gyrus 18 2 —80 I 5.09
20 —74 4 492
19 8 —56 | 4.28
Fusiform gyrus 20 28 —38 I5 4.12
37 34 —61 -5 4.17
52 —60 —10 4.60
Cerebellum
6 —69 —12 425
6 —60 —24 4.14
18 —84 —40 4.21
50 —63 —19 5.05
Left hemisphere
Frontal lobe
Inferior frontal gyrus 47 —55 40 —10 4.10
Precentral gyrus 9 —32 —6 41 457
Parietal lobe
Angular gyrus 39 —23 —53 32 6.34
Temporal lobe
Inferior temporal gyrus 21 —42 —21 —21 5.58
Middle temporal gyrus 21 71 —16 —4 4.28
Parahippocampal gyrus 30 —28 —43 2 472
Occipital lobe
Cuneus 17 —4 -85 12 5.08
18 —14 —86 17 473
Lingual gyrus 19 —26 —54 3 486
—14 —49 -3 443
18 —24 —68 -3 6.79
Fusiform gyrus 37 —36 —43 —8 5.25
Middle occipital gyrus 19 —24 -75 13 5.18
Limbic system
Thalamus —18 —7 10 437
Cerebellum

—8 —87 —34 432
—24 —51 —46 4.66
—28 —14 —36 5.33
—31 —64 —25 545

superior frontal gyrus (Table 6, peaks with [—] symbol
appended to Z-value, and Fig. 3). In the left hemisphere
the peaks were located in left IPL; anterior cingulated; and
inferior, middle and superior frontal gyri. In the IPL, the MCI
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group had lower negative linear correlation than the healthy
control group in areas posterior and/or lateral to the areas
where the healthy control group had greater positive linear
correlation than the MCI group.

Time series in healthy control and

MCI groups

The average time series for the reference voxel in the healthy
control and MCI groups, as well as the peak of functional
connectivity differences in the right inferior frontal gyrus
between the healthy control and MCI groups, where healthy
control > MCI, was computed. The time series was averaged
over the different blocks of the face-matching task and con-
trol task so that a representative time series for the control
and face-matching task is obtained (see Fig. 4). The time
series in the reference voxel (right middle FG) in both groups
was very similar. The time series of the peak difference
between healthy control and MCI groups showed a time
series in the healthy control that had negative values during
the control task and showed an increase in the magnitude
during the face-matching block. In contrast, the MCI group
did not show significant differences between the control task
and the face-matching task. The correlation coefficient
between the right middle FG and the right inferior frontal
gyrus was 0.875 (P < 0.001) and 0.341 (P < 0.05) for the
healthy control and MCI groups, respectively. The increase in
the correlation coefficient in the healthy control group
compared with the MCI group was statistically significant
(P < 0.001).

Discussion

We have demonstrated that the right middle FG had bilateral
positive linear correlation with the visual cortex in healthy
control and MCI groups, in the inferior parietal lobes and in
the frontal lobes. In both groups there was negative correla-
tion between the right middle FG and inferior parietal regions
and posterior cingulate, and additionally negative correlation
with the medial frontal regions in the healthy control group.
In addition, we found that there was statistically significant
higher linear correlation of the right middle FG to the visual
processing areas, the parietal lobes and right dorsolateral
prefrontal cortex (DLPFC) in the healthy control group
than the MCI group. The MCI group had higher positive
linear correlation in the cuneus than the healthy control
group, which may indicate an initial compensatory process
within the MCI group. In the negatively correlated regions we
found that the healthy control group had significantly lower
negative linear correlation between the right middle FG and
the medial frontal lobes than the MCI group. The changes in
functional connectivity that we found could be the initial
functional changes within the ventral visual system in MCI
subjects.

The right middle FG is a key structure that was activated
in both groups of subjects during the face-matching task
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Fig. 3 Map of the regions showing statistically significant differences in the linear correlation coefficient between healthy control and
MCI groups. The regions with orange/yellow overlap indicate healthy control > MCI and regions with blue/light blue overlap indicate

MCI > healthy control.

Table 6 Peaks of functional connectivity significantly
higher in MCI subjects than in healthy controls

Region Brodmann x y z Z-value
area
Right hemisphere
Frontal lobe
Superior frontal gyrus 9 19 64 23 3.76[—]
Anterior cingulate gyrus 24 20 41 9 3.30[-]
Temporal lobe
Superior temporal gyrus 38 40 24 -28 4.13[-]
42 52 —30 18 3.80[—]
Left hemisphere
Frontal lobe
Inferior frontal gyrus 47 —24 23 —10 3.78[-]
Middle frontal gyrus 9 —40 44 29 4.32[-]
I —30 36 —12 4.84[-]
-8 36 —19 4.16[—]
Superior frontal gyrus 10 —24 65 21 483[-]
—14 62 —7 537[-]
Anterior cingulate gyrus 32 —14 34 9 4.34[-]
—24 26 23 3.33[-]
Parietal lobe
Inferior parietal lobule 40 —59 —52 43 3.16[—]
—55 —-35 33 3.72[-]
Cuneus 19 —28 —87 36 3.14[+]
Limbic system
Caudate nucleus 8 14 3 443[-]
Putamen —24 0 —7 3.26[—]

[+] symbol indicates that the differences were due to higher
positive linear correlation in the MCI group compared with the
healthy control group. [—] symbol indicates that the differences
were due to reduced negative correlation (closer to zero) in the
MCI group compared with the healthy control group.

60 -
—e—FG HC
40 - —=— FG MCI
—— R IFG HC
20 1 —— R IFG MCI

0 -

-20

-40 1

-60 -

Fig. 4 Average time series of the reference voxel in the right
middle FG (x = 36 mm, y = —71 mm, z = —12 mm) in the healthy
control and MCI groups and the peak of functional connectivity
differences between healthy control and MCI (where healthy
control > MClI) in the right inferior frontal gyrus (IFG) (x = 48 mm,
y =5 mm, z = 13 mm). The individual blocks of the face-matching
task and the control task have been averaged into a representative
time series. The ordinate values are artificial units (AU).

(Bokde et al., submitted for publication). The peak of activa-
tion in both groups was located within 6 mm. The right
middle FG has been shown to contain a region specialized
for processing face stimuli (referred to as the face fusiform
area) (Clark et al, 1996; Kanwisher et al, 1997; Wojciulik
et al., 1998; Gauthier et al., 2000; Druzgal and D’Esposito,
2001). The same level of activation in the right middle FG
shows that the activation in the face fusiform area was not
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degraded in the MCI group. In addition, we found that the
right middle FG had higher linear correlation with the left
middle FG in the healthy control group than the MCI group,
an area that has been shown to also be involved in processing
face stimuli (Kanwisher et al., 1997; Wojciulik et al., 1998;
Gauthier et al., 2000). The decreased functional connectivity
between the FG found in the MCI group compared with the
healthy control may be due to loss of input into the left
middle FG. The decrease in input may be due to the presence
of cholinergic lesions in MCI subjects (Mesulam et al., 2004);
specifically, it has been shown that cholinergic deficits exist in
the primary visual cortex in mild Alzheimer’s disease
(Ikonomovic et al., 2005). In addition, it has been shown
that modulation of the cholinergic system through infusion
of physostigmine in healthy subjects leads to modulation of
the visual and frontal cortices, with increased activation in the
visual cortex and related decrease in activation in the frontal
lobes (Furey et al., 1997).

In both groups the areas of the brain that were linearly
correlated with the right middle FG formed an extensive
network in the visual processing areas of the brain, bilaterally
in the frontal lobes and parietal lobes. However, the strength
of the linear correlation in the visual cortex, IPL and right
DLPFC was significantly reduced in the MCI group compared
with the healthy control group. The changes of functional
connectivity between the right middle FG and the other
regions may be one of the earliest differences in the visual
cortex between the healthy control and MCI groups. A
previous study investigating the activation in MCI during
performance of a memory encoding task found that in the
MCI group activation was decreased in the early phase of the
BOLD signal within the occipital cortex compared with the
healthy control group (Rombouts et al., 2005). In the same
study, mild Alzheimer’s disease patients were shown to have
differences in the early phase of the BOLD signal in the
occipital lobes and also in other regions of the brain
compared with the healthy control group. Further supporting
that the functional connectivity changes to the visual cortex,
parietal lobes and right DLPFC may be due to disease
processes, Furey et al. (1997) have found that Alzheimer’s
disease patients during a working memory task using face
stimuli had lower activation in the visual processing areas
than the healthy controls and that the Alzheimer’s disease
patients relied more upon the frontal lobes while the healthy
controls relied more upon the early visual processing areas for
performance of the task. Horwitz et al. (1995), investigating
functional connectivity during a face-matching task in mild
Alzheimer’s disease patients using positron emission
tomography, found that mild Alzheimer’s disease patients
used a different network for performance of the task
compared with age-matched healthy controls and young
healthy controls.

We found that the right middle FG in the MCI group had
higher positive linear correlation with the cuneus than the
healthy control group. The higher linear correlations are due
to the lack of functional connectivity to these regions in the
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healthy controls. These increases in functional connectivity
could be the initial steps of a compensatory process within the
MCI group. Object recognition tasks activate the ventral
visual pathway in healthy controls (Corbetta et al, 1990;
Corbetta et al., 1991; Haxby et al, 1991); thus, the stronger
functional connectivity in the dorsal pathway of the MCI
group may indicate that it is using other regions along the
dorsal visual pathway for performance of a task. The dorsal
pathway has been shown to be activated in tasks requiring
processing of location, colour and motion (Corbetta et al.,
1990; Corbetta et al., 1991; Haxby et al., 1991). Thus the MCI
subjects may be performing the task utilizing a different
strategy, one based on localization or spatial strategy to
make a face comparison. It could also be the case that the
MCI subjects may be utilizing the same strategy as healthy
controls, but recruiting different neural networks to subserve
task performance. Grady et al. (2001) found through the use
of functional connectivity that there was recruitment of dif-
ferent regions of the brain for performance of delay-match to
sample task, with the Alzheimer’s disease patients and healthy
controls recruiting different regions—in particular the amyg-
dala was a key region activated in Alzheimer’s disease patients
that was not activated in healthy control. In a following study,
Grady et al. (2003) found that mild Alzheimer’s disease
patients recruited a different network for a memory task
and that performance of the task was correlated with activa-
tion in this network. Thus Grady et al. (2001, 2003) found
changes in the network recruited for a memory task for
Alzheimer’s disease patients. In the present study, we found
changes in the linear correlation between the right middle FG
and visual cortex and frontal lobes, indicating changes in the
functional connectivity with the entire network. An example of
the manner in which the network changed is illustrated in
Fig. 4, where the time series in the right inferior frontal
gyrus remains approximately constant in the MCI group,
while in the healthy control group the time series is phase
coupled with the time series of the right middle FG. The time
series in the right middle FG in the healthy control and MCI
groups were very similar, so the differences in functional
connectivity were not due to changes within the right FG.
In addition to the positive linear correlations, we examined
negative linear correlations with the right middle FG. The
right middle FG had negative linear correlation with the
posterior cingulate and IPL in both groups, and with the
medial frontal areas in the healthy control only. The negative
linear correlation of this network with the right middle FG
indicates that these regions are anti-correlated to the activa-
tion in the right middle FG and that these were suppressed
during activation of the right middle FG, and thus correlated
with the performance of the face-matching task. Previous
studies have shown that activation of a network composed
of the posterior cingulate, IPL and medial frontal areas reflect
neural activity due to unconstrained verbal processes, mon-
itoring of the external environment, body image and emo-
tional state (Shulman et al., 1997; Raichle et al., 2001). When
cognitive resources are focused on a task that is demanding or
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novel, activity in this network is attenuated but during tasks
that are not demanding or novel, or during fixation or rest
periods, these regions remain active (Shulman et al, 1997;
Gusnard et al., 2001; Raichle et al., 2001; Greicius et al., 2003,
2004; Greicius and Menon, 2004). This network has been
referred to as the ‘default’ network in that it is presumably
always active except during performance of goal-directed
tasks (Shulman et al., 1997; Raichle et al., 2001). Our results
support this hypothesis in that these regions, in both groups,
are anti-correlated to the activation of the right middle FG.
The control task in our experiment was not challenging
enough, so both the healthy control and MCI groups did
not attenuate the activation in the default network. The pre-
sent results support and extend previous studies that have
found activation of the default network in older healthy con-
trols, MCI and Alzheimer’s disease patients during a resting
period (fixation) (Lustig et al., 2003; Greicius et al., 2004;
Rombouts et al., 2005). In our study we found that the default
network is negatively correlated with the right middle FG and
with the network activated during performance of the face-
matching task.

When examining the areas with negative linear correlation,
the MCI group had smaller negative (closer to zero) linear
correlation than the healthy control within the medial frontal
areas. We found that in these regions the difference is mainly
due to strong negative linear correlations in the healthy
controls and very little to no negative linear correlations in
the a-MCI subjects. In addition, the other areas of negative
correlation such as posterior cingulate and inferior parietal
regions in both groups were not significantly different. This is
consistent and extends the findings of a previous study that
found differences in activation of the default network in the
medial frontal areas between MCI subjects and healthy con-
trols, with the difference mainly due to lack of activation of
the default network in the MCI group (Rombouts et al,
2005). Lustig et al. (2003) found that between Alzheimer’s
disease patients and age-matched healthy controls there were
differences in activation of the default network in the
posterior cingulate region.

The correlation of the visual cortex, parietal lobes and fron-
tal lobes with the right middle FG may serve to integrate the
activation and function of the different regions into a coherent
network that subserves the face-matching task. Thus our find-
ings suggest that there were two networks active during dif-
ferent parts of the scan. The network correlated with the right
FG was active during the face-matching task while the default
network was active during the control task. A recent study
proposed that cognitive networks are organized into corre-
lated and anti-correlated networks that may serve to differ-
entiate between competing networks that subserve opposite
cognitive functions or competing representations (Fox et al.,
2005). Thus the evidence that we have found supports and
extends the findings of Fox and colleagues (Fox et al., 2005) by
noting that correlated and anti-correlated networks were
present in both healthy control and MCI subjects during per-
formance of a cognitively demanding task. In the previous
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work Fox and colleagues found the correlated and anti-
correlated networks while subjects were under different pas-
sive states (eyes closed, eyes opened, fixation).

Even though the initial diagnosis of the MCI group was as a
group suffering from memory dysfunction, the MCI group
was probably a heterogeneous group composed of subjects
with MCI as follows: (i) those that will convert to Alzheimer’s
disease in the future, (ii) those that may remain classified as
MCI, (iii) those that may convert to other types of dementia
or neurological diseases that cause cognitive dysfunction and
(iv) those that may return to normal cognitive function.
Based on previous studies it can be expected that 50-80%
will be converted to Alzheimer’s disease within 5 years
(Tierney et al., 1996; Bowen et al., 1997; Petersen et al.,
1999; Bennett et al, 2002). Follow-up of the clinical devel-
opment of the subjects will allow us to better elucidate in the
future the difference in activation between those MCI that are
converted to Alzheimer’s disease and those that are converted
to other neurological or psychiatric diseases and also those
that do not show cognitive decline.

The results of the current study demonstrate that other
techniques such as functional connectivity can offer addi-
tional insight into the dynamics of brain activation in healthy
control and patient populations. This method provides infor-
mation about the covariation of brain areas with each other in
time that is not captured by standard activation analyses.
Similarly a study of very mild Alzheimer’s disease patients
and healthy controls using resting state PET data found that a
multivariate technique was sensitive to changes in activation
between groups whereas a voxel-by-voxel univariate techni-
que and a region of interest analysis found no differences in
activation (Scarmeas et al, 2004). Thus when examining
changes in brain function due to disease processes, it may
be useful to examine the data not only using standard analysis
techniques but also using other approaches, as demonstrated
in our study.

In conclusion, mild changes in memory led to functional
connectivity differences in a visual processing task in a group
of MCI subjects. Thus, for early detection of disease processes
it may be advantageous to investigate changes in functional
connectivity, as it may be a sensitive marker for disease
presence.
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