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Abstract

Subjective memory complaints (SMC) are common among elderly. Although subtle changes in memory function-
ing can hardly be determined using neuropsychological evaluation, neuroimaging studies indicate regionally
smaller brain structures in elderly with SMC. Imaging of resting-state functional connectivity is sensitive to detect
changes in neurodegenerative diseases, but is currently underexplored in SMC. Here, we investigate resting-state
functional connectivity and brain structure in SMC. We analyzed magnetic resonance imaging data of 25 elderly
with SMC and 29 age-matched controls (mean age of 71 years). Voxel-based morphometry and volume measure-
ments of subcortical structures were employed on the structural scans using FSL. The dual regression method was
used to analyze voxel-wise functional connectivity in relation to eight well-characterized resting-state networks.
Group differences were studied with two-sample t-tests ( p < 0.05, Family-Wise Error corrected). In addition to
gray matter volume reductions (hippocampus, anterior cingulate cortex (ACC), medial prefrontal cortex, cuneus,
precuneus, and precentral gyrus), elderly with SMC showed increased functional connectivity in the default
mode network (hippocampus, thalamus, posterior cingulate cortex (PCC), cuneus, precuneus, and superior tem-
poral gyrus) and the medial visual network (ACC, PCC, cuneus, and precuneus). This study is the first which
demonstrates that, in addition to smaller regional brain volumes, increases in functional connectivity are present
in elderly with SMC. This suggests that self-reported SMC is a reflection of objective alterations in brain function.
Furthermore, our results indicate that functional imaging, in addition to structural imaging, can be a useful tool to
objectively determine a difference in brain integrity in SMC.

Key words: default mode network; functional connectivity; geriatrics; neurodegenerative disorders; resting state
functional connectivity magnetic resonance imaging (R-fMRI); resting state networks; subjective memory com-
plaints

Introduction

Subjective memory complaints (SMC) refer to a subjec-
tively noticeable decline from previous levels of memory

functioning (Vestberg et al., 2010). These subjective com-
plaints are common among elderly (Mitchell, 2008a), but
can hardly be confirmed by a neuropsychological evaluation
(Hejl et al., 2002). The importance of SMC has been empha-
sized in both clinical and research-based investigations.
Longitudinal population-based studies reported an associa-
tion with depression (Montejo et al., 2011), future cognitive
decline (Dik et al., 2001), and dementia ( Jessen et al., 2010).

Nevertheless, it is a subject of debate whether SMC is a clin-
ically relevant predictor for future cognitive decline and de-
mentia (Glodzik-Sobanska et al., 2007; Mitchell, 2008b).

Neuroimaging studies in elderly with SMC showed
smaller brain structures ( Jessen et al., 2006; Saykin et al.,
2006; Stewart et al., 2011; Striepens et al., 2010; Van der
Flier et al., 2004) and increased brain activation during cogni-
tive tasks (Rodda et al., 2009, 2011). Despite the importance of
studying functional connectivity to understand brain func-
tion (Mesulam, 1998), and its relevance in the context of neu-
rodegenerative diseases (Pievani et al., 2011), functional
connectivity in elderly with SMC is currently underexplored.
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Here, we investigate whole brain gray matter volumes and
resting-state functional connectivity in elderly with SMC.
This is a cross-sectional study in a heterogeneous group of
elderly with subjective complaints about their memory. Clin-
ically, these complaints are not confirmed by a neuropsycho-
logical evaluation. Elderly with SMC are compared with an
age-matched control group of healthy elderly from the gen-
eral population.

It is hypothesized that imaging of functional brain connec-
tivity is sensitive to detect early brain changes. Evidence for
this is provided by studies showing differences in functional
connectivity in aging, mild cognitive impairment, and de-
mentia (Hafkemeijer et al., 2012), and moreover in subjects
at risk for developing neurodegenerative diseases, either in
terms of having amyloid plaques (Hedden et al., 2009; Sheline
et al., 2010b) or carrying a genetic mutation (Filippini et al.,
2009), even when evidence for brain atrophy or cognitive de-
cline is absent. While mostly decreased functional connectiv-
ity in the default mode network has been found in
Alzheimer’s disease (Greicius et al., 2004; Wang et al., 2006,
2007; Wu et al., 2011; Zhang et al., 2009, 2010; Zhou et al.,
2010), mild cognitive impairment (Han et al., 2011; Petrella
et al., 2011; Sorg et al., 2007), and subjects at risk for develop-
ing neurodegenerative diseases (Fleisher et al., 2009; Hedden
et al., 2009; Sheline et al., 2010a, 2010b), some studies showed
evidence for increased functional connectivity in Alzheimer’s
disease (Wang et al., 2006, 2007; Zhang et al., 2009, 2010) and
in cognitively healthy subjects at genetic risk for developing
dementia (Dennis et al., 2010; Filippini et al., 2009; Fleisher
et al., 2009; Westlye et al., 2011).

Based on neuroimaging studies in elderly with SMC ( Jes-
sen et al., 2006; Rodda et al., 2009, 2011; Saykin et al., 2006;
Stewart et al., 2011; Striepens et al., 2010; Van der Flier
et al., 2004) and studies in neurodegenerative diseases (Fox
and Schott, 2004; Hafkemeijer et al., 2012), we expect to find
differences in both brain structure and functional connectivity
in the default mode network, which consists of the medial
prefrontal cortex (mPFC), posterior (PCC) and anterior cingu-
late cortex (ACC), precuneus, parietal cortex, and the hippo-
campus (Buckner et al., 2008).

Materials and Methods

Participants

In this cross-sectional study, we included 25 subjects with
SMC (mean age = 71.4 years) and 29 control subjects (mean
age = 71.3 years). Elderly with self-reported SMC who visited
the outpatient clinic for memory deficits of the geriatric de-
partment of the Leiden University Medical Center were
recruited for this study. The elderly came to the memory
clinic with memory complaints experienced by themselves
and/or notified by people in their environment. All subjects
were evaluated for cognitive complaints using a standardized
dementia screening that included a detailed medical history,
a general internal and neurological examination, laboratory
tests, a neuropsychological evaluation, and an MRI of the
brain.

Cognitive functioning was assessed using neuropsycho-
logical tests, standardized for the outpatient clinic of memory
deficits of the geriatric department of the Leiden University
Medical Center. The standardized neuropsychological test
battery included a detailed interview, the Mini Mental State

Examination, the Stroop Color-Naming test, the Cambridge
Cognitive Examination - Revised, the Wechsler Memory
Scale, and the Trail Making Test part A and B. Age-based
norms and cutoff values that define the lower range of normal
test scores were available for the neuropsychological tests
(Folstein et al., 1975; Roth et al., 1986; Steinberg et al., 2005;
Wechsler, 1945). Test results were interpreted by taking into
account both educational and occupational levels. When the
neuropsychologist needed additional information, the stan-
dardized neuropsychological test battery was extended
with the Alzheimer’s Disease Assessment Scale, the Califor-
nia Verbal Learning Test, and the Wechsler Adult Intelligence
Scale - Revised.

Diagnoses were made in a multidisciplinary consensus
meeting according to the National Institute of Neurological
and Communicative Disorders and Stroke-Alzheimer’s Dis-
ease and Related Disorders Association (Mckhann et al.,
1984), the Diagnostic and Statistical Manual of Mental Disor-
ders, fourth edition (American Psychiatric Association, 1994),
and the criteria of Petersen (Petersen et al., 1997). The diagno-
sis of SMC was made by interpreting the complete screening
profile with the education and past performance of the el-
derly taken into account. Elderly with SMC did not meet
the criteria for mild cognitive impairment or dementia. Eld-
erly with scores of above six on the Geriatric Depression
Scale-15 (Sheikh and Yesavage, 1986) and/or cardiovascular
diseases were excluded for this study.

Control subjects were recruited from the general popula-
tion and were matched in terms of age, gender, and years
of education (Table 1). Normal cognitive functioning was
confirmed by a neuropsychological protocol that included
the Mini Mental State Examination, the Stroop Color-Naming
test, and the 15-Picture Learning Test. Control subjects did
not demonstrate any memory complaints and did not show
any abnormalities on neuropsychological evaluation.

This study was performed in compliance with the Code of
Ethics of the World Medical Association (Declaration of Hel-
sinki). Furthermore, study approval was obtained by the
Medical Ethical Committee of the Leiden University Medical
Center.

Data acquisition

Imaging was performed on a Philips 3 Tesla Achieva MRI
scanner using a standard whole-head coil for radiofrequency
transmission and reception (Philips Medical Systems, Best,
The Netherlands). For each subject, a three-dimensional
(3D)-T1-weighted anatomical scan was acquired with the
following scan parameters: TR = 9.7 sec; TE = 4.6 msec; flip
angle = 8�; and voxel size 0.88 · 0.88 · 1.40 mm. In accordance
with the Leiden University Medical Center’s policy, all

Table 1. Characteristics of Participants

Demographic variables
Elderly with

SMC (n = 25)
Control elderly

(n = 29) p value

Age (mean (SD), years) 71.4 (9.2) 71.3 (3.4) 0.993
Gender (male; female) 14; 11 17; 12 0.850
Education

(mean (SD), years)
15.3 (2.5) 14.5 (2.7) 0.268

SMC, subjective memory complaints; SD, standard deviation.
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anatomical MRI scans were screened by a neuroradiologist
from the radiology department (MvB) to rule out incidental
pathology. The scan parameters of the resting-state functional
magnetic resonance imaging (fMRI) scan were as follows:
TR = 2.2 sec; TE = 30 msec; flip angle = 80�; and voxel size
2.75 · 2.75 · 2.99 mm, including 10% interslice gap, scan dura-
tion 7 min and 32 sec. During the resting-state scan, partici-
pants were instructed to lie still with their eyes closed and
not to fall asleep. For registration purposes, a high-resolution
echo planar image scan was obtained with the following scan
parameters: TR = 2.2 sec; TE = 30 msec; flip angle = 80�; and
voxel size 1.96 · 1.96 · 2.00 mm, including 10% interslice gap.

Data analysis

Before analysis, all MRI scans were submitted to a visual
quality control check to ensure that no gross artifacts were
present in the data. Data analysis was performed with Func-
tional Magnetic Resonance Imaging of the Brain Software
Library (FSL 4.1.8, Oxford, United Kingdom, www.fmrib.ox
.ac.uk/fsl) (Smith et al., 2004). Anatomical locations were de-
termined using the Harvard–Oxford cortical and subcortical
structures atlas integrated in FSL.

Voxel-based morphometry analysis

To highlight regions with differences in gray matter
volume between elderly with SMC and control elderly, struc-
tural scans were analyzed with a voxel-based morphometric
(VBM) analysis (Ashburner and Friston, 2000). First, the
structural images were brain extracted (Smith, 2002) and
tissue-type segmented (Zhang et al., 2001b). To correct for
the partial volume effect (i.e., voxels ‘‘containing’’ more
than one tissue-type), the tissue-type segmentation was car-
ried out with partial volume estimation. For each partial vol-
ume voxel, the proportion of each tissue-type is estimated,
that is, a partial volume vector is formed, with each element
being a ‘‘fraction’’ of a specific tissue-type and having a
sum of one (Zhang et al., 2001a). The segmented images
have values that indicate the probability of a given tissue-
type (i.e., they are not binary).

The resulting gray matter partial volume images were
aligned to the gray matter MNI-152 standard space image
(Montreal Neurological Institute, Montreal, QC, Canada)
( Jenkinson et al., 2002), followed by nonlinear registration
(Andersson et al., 2007). The resulting images were averaged
to create a study-specific template. More precisely, to create
the study-specific gray matter template, the same number
of participants from each group (25 elderly with SMC and
25 (randomly selected) control elderly) was used in order to
avoid any bias during the registration step that would have
favored one of the groups.

Next, all native gray matter images were nonlinearly regis-
tered to this study-specific gray matter template (Ashburner
and Friston, 2000; Good et al., 2001). Due to the nonlinear spa-
tial registration, the volume of some brain structures may
grow, while others may shrink. To be able to test for regional
differences in the absolute gray matter volumes, a further
processing step is needed to compensate for these enlarge-
ments and contractions (modulation). In this additional
step, each voxel of each registered gray matter image was
divided by the Jacobian of the warp field, which defines the
direction (larger or smaller) and the amount of modulation.

The modulated segmented images were spatially smoothed
with an isotropic Gaussian kernel with a full width at half
maximum of 7 mm.

A general linear model (GLM) approach as implemented in
FSL was used to compare maps of elderly with SMC and con-
trol elderly. Two-sample t-tests were used for this analysis,
including age and gender as covariate in the statistical
model. Voxel-wise nonparametric permutation testing (Nich-
ols and Holmes, 2001) with 5000 permutations was per-
formed, correcting for multiple comparisons across space
[statistical threshold set at p < 0.05, Family-Wise Error
(FWE) corrected], using the Threshold-Free Cluster Enhance-
ment (TFCE) technique (Smith and Nichols, 2009), applying a
minimum cluster size of 40 mm3.

Volume measurement of subcortical structures

An automatic segmentation method (FIRST as implemented
in FSL) was applied to measure volumes of seven subcortical
structures: the hippocampus, amygdala, thalamus, putamen,
globus pallidus, nucleus accumbens, and the caudate nucleus
(Patenaude et al., 2011). First, the structural scans were regis-
tered to the MNI-152 standard space image. After subcortical
registration, a subcortical mask was applied to locate the differ-
ent subcortical structures. This was followed by segmentation
based on shape models and voxel intensities. After registration
and segmentation of all structural scans, all segmented subcor-
tical regions were visually checked for errors in registration
and segmentation. After volumetric analysis, the volume in
mm3 of each subcortical structure was obtained. To determine
whether the subcortical structures volumes in elderly with
SMC differ from those of the control elderly, univariate general
linear modeling was used (SPSS 18.0). Age and gender were in-
cluded as covariates in the statistical model.

Functional connectivity analysis

The preprocessing of the resting-state data consisted of mo-
tion correction ( Jenkinson et al., 2002), brain extraction
(Smith, 2002), spatial smoothing using a Gaussian kernel
with a full width at a half maximum of 6 mm, and high-
pass temporal filtering equivalent to 100 sec ( ‡ 0.01 Hz).
After preprocessing, the functional images were registered
to the corresponding high-resolution echo planar images,
which were registered to the T1-weighted images, which
were registered to the 2 mm isotropic MNI-152 standard
space image ( Jenkinson et al., 2002). These registration pa-
rameters were combined to obtain the registration matrix
from native (fMRI) space to MNI space and its inverse
(from MNI space to native space).

The functional connectivity analysis was performed using
the dual regression method of FSL, a technique that allows a
voxel-wise comparison of resting-state functional connectiv-
ity [previously described in (Filippini et al., 2009)]. Functional
connectivity can be studied using the dual regression tech-
nique based on a data-driven independent component analy-
sis. Another approach to study functional connectivity in a
more standardized way is the use of standard resting-state
networks as a reference. Here, resting-state functional connec-
tivity is determined in terms of similarity of the BOLD fluctu-
ations in the brain in relation to characteristic fluctuations
in eight predefined resting-state networks. Our choice of
resting-state networks was based on high reproducibility of
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these networks from an independent component analysis of
different data sets (Beckmann et al., 2005; Damoiseaux
et al., 2006). These standardized resting-state networks par-
cellate the brain into eight templates that represent more
than 80% of the total brain volume (Khalili-Mahani et al.,
2012): (1) medial visual network; (2) lateral visual network;
(3) auditory network; (4) sensorimotor system; (5) default
mode network; (6) executive control network; and (7 and 8)
dorsal visual stream networks (Beckmann et al., 2005). To ac-
count for noise, a white matter and a cerebrospinal fluid tem-
plate were included in the analysis (Birn, 2012; Cole et al.,
2010; Fox et al., 2005).

In the dual regression, individual time series were first
extracted for each template, using the eight resting-state net-
works (Beckmann et al., 2005) and the two additional white
matter and cerebrospinal fluid maps (Birn, 2012; Cole et al.,
2010; Fox et al., 2005), in a spatial regression against the indi-
vidual fMRI data set (regression 1). The resulting matrices de-
scribed temporal dynamics for each template and individual.
Next, the ten temporal regressors (eight from the resting-state
networks and two additional noise regressors) were used in a
linear model fit against the individual fMRI data set (regres-
sion 2), to estimate the spatial maps for each individual. This
gives ten 3D images per individual, with voxel-wise z scores
of functional connectivity to each of the templates. The higher
the absolute value of the z score, the stronger the connectivity
to a network.

In the final stage of the functional connectivity analysis, the
same statistical model as used in the VBM analysis was ap-
plied. To obtain group averages, a one-sample nonparametric
t-test was used, and a two-sample t-test was applied to obtain
group differences for each of the resting-state networks, using
a GLM approach as implemented in FSL. Age and gender
were included as covariates in the model. To statistically ac-
count for potential effects of local structural differences
within and between the two groups, gray matter volume of
each voxel was included as subject-wise and voxel-wise cova-
riates in the GLM design (Oakes et al., 2007). The feat_gm_
prepare script of FSL was used to compute individual gray
matter density maps. Per network, the group comparison
was masked by the union of the one-sample maps from
each group for that network (i.e., voxels that fell within the
group map of the elderly with SMC and/or the group map

of the control elderly). Voxel-wise nonparametric permuta-
tion testing was performed using FSL-randomise (5000 per-
mutations) (Nichols and Holmes, 2001). All statistical maps
were FWE corrected using p < 0.05, based on the TFCE statis-
tic image (Smith and Nichols, 2009), applying a minimum
cluster size of 40 mm3.

Results

Demographic characteristics

Table 1 shows the characteristics of the participants. There
were no differences between elderly with SMC and control el-
derly with regard to age, gender, and years of education. Both
groups did not show abnormalities in neuropsychological
evaluation (Table 2).

Voxel-based morphometry

The whole-brain voxel-wise structural analysis yielded
group differences in gray matter volume in several regions
across the brain (Fig. 1). Elderly with SMC show a volume re-
duction of the right hippocampus, right amygdala, bilateral
ACC, mPFC, cuneus, precuneus, and precentral gyrus com-
pared with the control elderly. Left hippocampal volume re-
duction was visible in the images that were not corrected for
FWE ( p < 0.01, uncorrected images not shown).

Within the SMC group, correlations between individual
neuropsychological test scores and regional gray matter vol-
ume were found at the liberal uncorrected threshold. A pos-
itive correlation with the scores of the Wechsler Memory
Scale (uncorrected p = 0.0002) was found in the cerebellum
(365 voxels). In the inferior and middle temporal gyrus (218
voxels), we found a positive correlation with the scores of
the Trail Making Test (uncorrected p = 0.0002). A positive
correlation was found with the scores of the Stroop Color-
Naming test (uncorrected p = 0.0002) in the frontal pole
(57 voxels). These correlations did not survive correction for
multiple comparisons.

Volumes of subcortical structures

Right hippocampal volume reduction in the elderly with
SMC was confirmed in the analysis of subcortical structure
volumes ( p = 0.002) (Table 3). In addition, the volume of

Table 2. Neuropsychological Test Scores

Neuropsychological test Cutoff valuea
Elderly with SMC
Mean (SE) score

Control elderly
Mean (SE) score p value

MMSE 25 27.2 (0.4) 27.9 (0.2) 0.133
Stroop Interference (t-score) 40 44.4 (3.6)b 49.2 (4.3) 0.449
15-PLT Immediate/Delayed 8 - 10.1 (0.3)/11.3 (0.4) n/a
WMS (memory quotient) 85c 121.0 (2.8) - n/a
CAMCOG-R 80 91.5 (1.1) - n/a
TMT part A (t-score) 40 43.0 (2.1) - n/a
TMT part B (t-score) 40 43.4 (2.7) - n/a
TMT B/A (t-score) 40 46.8 (2.6) - n/a

aCutoff value defines the lower range of normal test scores.
bStroop Color-Naming Test was performed in 13 elderly with SMC.
cCutoff value of 85, mean of 100 – 15.
MMSE, mini mental-state examination; 15-PLT, 15 picture learning test; WMS, Wechsler Memory Scale; CAMCOG-R, Cambridge Cognitive

Examination - revised; TMT, trail making test.
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the left hippocampus was smaller in elderly with SMC ( p =
0.017). While the whole-brain structural analysis suggested
amygdala volume reduction, this could not be confirmed
with the automatic segmentation method. In agreement
with the whole-brain voxel-wise analysis, no volume differ-
ences were found in the other subcortical structures.

Functional connectivity

Given the extensive gray matter differences, we included
gray matter volume as a voxel-wise covariate in the fMRI
analysis to correct for its potential effect on functional connec-
tivity. Voxel-wise group comparisons revealed increased
functional connectivity in two resting-state networks in el-
derly with SMC compared with the control elderly (the de-
fault mode network [Fig. 2] and the medial visual network

[Fig. 3]). No decreases in functional connectivity were found
in elderly with SMC. In the other six resting-state networks,
no changes in functional connectivity were observed.

Regions showing increased functional connectivity in the
default mode network included the right hippocampus, bilat-
eral thalamus, PCC, cuneus, left precuneus, and right supe-
rior temporal gyrus (Fig. 2B, full list of structures in Table
4). The medial visual network structures with increased func-
tional connectivity included the bilateral ACC, PCC, cuneus,
and precuneus (Fig. 3B, full list of structures in Table 4). To
further illustrate group differences per network, subjects’
mean z scores of regions with increased functional connectiv-
ity are plotted separately for the default mode network and
the medial visual network (Fig. 4).

Within the SMC group, no correlations between individual
neuropsychological test scores and functional connectivity
were found.

Discussion

The present study is the first which demonstrates that, in
addition to structural brain deficits, increases in functional
connectivity are present in elderly with SMC. These findings
were observed even in a heterogeneous group of elderly with
subjective complaints about their memory. This suggests that
self-reported SMC is a reflection of objective alterations in
brain function.

Our findings of atrophy of the hippocampus, ACC, mPFC,
cuneus, precuneus, and precentral gyrus in elderly with SMC
are in line with previous studies showing atrophy of the hip-
pocampus (Saykin et al., 2006; Stewart et al., 2011; Striepens
et al., 2010; Van der Flier et al., 2004), and less frequently
also in the left medial frontal gyrus (Saykin et al., 2006),
right cuneus (Saykin et al., 2006), right precentral gyrus (Say-
kin et al., 2006), and entorhinal cortex ( Jessen et al., 2006;
Striepens et al., 2010) in elderly with SMC. The voxel-based
morphometry analysis showed smaller amygdala vol-
umes, which could not be confirmed with the volume

FIG. 1. Elderly with subjective memory complaints (SMC) show loss of brain structure. Brain areas showing reduced gray
matter volume in elderly with SMC compared with control elderly. The left side of the brain corresponds to the right hemi-
sphere and vice versa. Images are overlaid on the transverse slices of the MNI-152 standard anatomical image. Z-coordinates
of each slice in the MNI-152 standard space are given. Voxel-based morphometry results are thresholded using p < 0.05, Fam-
ily-Wise Error (FWE) corrected, based on the Threshold-Free Cluster Enhancement statistic image. Age and gender were in-
cluded as covariates in the statistical model. p values are color coded from 0.05 FWE corrected (red) to < 0.0001 FWE corrected
(yellow).

Table 3. Mean Volumes of Subcortical Structures

Mean (SD) volume (cm3)

Brain structure

Elderly
with SMC

(n = 25)

Control
elderly
(n = 29) p value

Right hippocampus 3.67 (0.48) 3.96 (0.31) 0.002
Left hippocampus 3.57 (0.62) 3.85 (0.37) 0.017
Right amygdala 1.28 (0.21) 1.23 (0.22) 0.350
Left amygdala 1.32 (0.22) 1.27 (0.19) 0.280
Right thalamus 7.28 (0.95) 7.11 (0.57) 0.237
Left thalamus 7.50 (1.07) 7.37 (0.59) 0.413
Right putamen 4.59 (0.71) 4.74 (0.54) 0.309
Left putamen 4.52 (0.76) 4.69 (0.69) 0.300
Right globus pallidus 1.98 (0.49) 1.88 (0.17) 0.293
Left globus pallidus 1.96 (0.50) 1.86 (0.23) 0.310
Right nucleus accumbens 0.32 (0.16) 0.29 (0.07) 0.399
Left nucleus accumbens 0.38 (0.13) 0.41 (0.11) 0.335
Right caudate nucleus 3.65 (0.50) 3.63 (0.42) 0.713
Left caudate nucleus 3.34 (0.36) 3.35 (0.41) 0.944

FUNCTIONAL CONNECTIVITY AND ATROPHY IN SMC ELDERLY 357



measurements of subcortical structures. This makes it un-
likely that amygdala atrophy is present in elderly with SMC.

The volume reductions observed in the present study
suggest that self-reported SMC is a reflection of objective
alterations in brain structure. These findings of atrophy
could be of clinical importance, as atrophy of these regions
is associated with dementia (Fox and Schott, 2004). Moreover,
cognitively healthy elderly, who during a 10-year follow-up
developed mild cognitive impairment or Alzheimer’s disease,
were at baseline characterized by gray matter atrophy of
these regions (Tondelli et al., 2012). The correlation between
gray matter volume and individual cognitive performance
in the elderly with SMC could have strengthened the clinical
relevance of our findings. However, these correlations were
found in small areas throughout the brain and did not survive
correction for multiple comparisons. Further investigation
is highly recommended to confirm the weak correlations
found in this study.

Studying resting-state functional connectivity is important
to understand brain function (Mesulam, 1998) and is relevant
in the context of neurodegenerative diseases (Pievani et al.,
2011). While brain activation is studied in elderly with SMC

with task-related fMRI (Rodda et al., 2009, 2011), resting-
state functional connectivity is underexplored in these el-
derly. The present study is the first which demonstrates
that, even in a heterogeneous group of elderly with SMC,
functional connectivity is increased. Mostly decreased func-
tional connectivity has been found in mild cognitive impair-
ment and dementia (Hafkemeijer et al., 2012) and in one
study in elderly with SMC applying the magnetoencepha-
lography technology (Bajo et al., 2011); however, there is ev-
idence for increased functional connectivity in Alzheimer’s
disease (Wang et al., 2006, 2007; Zhang et al., 2009, 2010)
and in cognitively healthy subjects at risk for developing
dementia as well (Dennis et al., 2010; Filippini et al., 2009;
Fleisher et al., 2009; Westlye et al., 2011). It has been sug-
gested that increased task-related activation reflects a
greater cognitive effort to compensate for subclinical losses
of cognitive function and to maintain task performance
(Bondi et al., 2005). This idea is supported by findings of in-
creased functional connectivity in the hippocampus, amyg-
dala, mPFC, and retrosplenial cortex in young cognitively
healthy subjects at genetic risk for developing neurodegen-
erative diseases (Filippini et al., 2009). This compensatory

FIG. 2. Increased functional connectivity in the default mode network. Functional connectivity in the default mode network
in healthy control elderly (yellow areas in A) and elderly with SMC (yellow areas in B). p values of the functional connectivity
are color coded from 0.05 FWE corrected (red) to < 0.0001 FWE corrected (yellow). Note that the anterior part of the default
mode network in elderly with SMC is significantly connected, while this region appears not connected in the control elderly.
However, the anterior region appears connected in control elderly at the ( p = 0.08, FWE corrected) level (not shown). Elderly
with SMC show increased functional connectivity compared with control elderly (blue areas in B, p values are color coded
from 0.05 FWE corrected (dark blue) to < 0.0001 FWE corrected (light blue), full list of structures in Table 4). Images are over-
laid on the transverse slices of the MNI-152 standard anatomical image. The left side of the brain corresponds to the right hemi-
sphere and vice versa. Z-coordinates of each slice in the MNI-152 standard space are given.
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mechanism has been suggested as an explanation for re-
duced interhemispheric inhibition (Talelli et al., 2008) and
may also explain the increased functional connectivity
found in elderly with SMC in the current study. An alterna-
tive explanation is that the increased functional connectivity

is a pathological state that may cause further brain damage
(Gallagher et al., 2010; Yassa et al., 2010). Nevertheless, this
compensatory hypothesis and the clinical meaning of in-
creased functional connectivity in SMC need to be further
investigated.

FIG. 3. Increased functional
connectivity in the medial vi-
sual network. Functional
connectivity in the medial
visual network in healthy
control elderly (yellow areas
in A) and elderly with SMC
(yellow areas in B). p values of
the functional connectivity
are color coded from 0.05
FWE corrected (red) to
< 0.0001 FWE corrected (yel-
low). Elderly with SMC show
increased functional connec-
tivity compared with control
elderly (blue areas in B,
p values are color coded from
0.05 FWE corrected (dark
blue) to < 0.0001 FWE cor-
rected (light blue), full list of
structures in Table 4). Images
are overlaid on the transverse
slices of the MNI-152 stan-
dard anatomical image. The
left side of the brain corre-
sponds to the right hemi-
sphere and vice versa.
Z-coordinates of each slice in
the MNI-152 standard space
are given.

Table 4. Increased Functional Connectivity in Elderly with SMC Compared with Control Elderly

Peak voxel coordinates (MNI)

Network Brain structurea Side x y z Peak T score

Default mode network Hippocampus R 30 �22 �10 4.01
Thalamus R 1 �20 6 3.03
Thalamus L 0 �20 6 3.13
Posterior cingulate cortex R 1 �22 44 3.19
Posterior cingulate cortex L �1 �26 44 3.23
Cuneus R 26 �68 16 3.73
Cuneus L �8 �74 22 3.07
Precuneus L �6 �64 24 2.72
Superior temporal gyrus R 60 �30 2 4.05

Medial visual network Anterior cingulate cortex R 1 8 30 4.06
Anterior cingulate cortex L �1 8 30 4.06
Posterior cingulate cortex R 2 �20 36 4.13
Posterior cingulate cortex L �1 �20 36 3.98
Cuneus R 0 �88 6 3.54
Cuneus L �4 �96 18 4.33
Precuneus R 2 �60 6 3.12
Precuneus L �2 �56 6 3.39

aFull list of structures with increased functional connectivity in elderly with SMC (Figs. 2 and 3). Between-group effects are corrected for
gray matter volume, thresholded using p < 0.05, FWE corrected, based on the TFCE statistic image. For each peak voxel x-, y-, and z-coordinates
in the MNI-152 standard space image are given.

MNI, Montreal Neurological Institute, Montreal, QC, Canada; R, right; L, left.
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Since it is not exactly known how brain structure and func-
tion are related, the functional connectivity data were ana-
lyzed with regional gray matter volume as covariate in the
model, to statistically account for the potential effect of local
structural differences. Our observations showed that the
functional connectivity differences are not simply explained
by differences in gray matter volume. The changes in func-
tional connectivity are found in brain areas that are a part
of the default mode network. The differences in functional
connectivity between hippocampus and PCC are in accor-
dance with the affected hippocampal white matter integrity
found with diffusion tensor imaging in mild cognitive impair-
ment and Alzheimer’s disease (Mielke et al., 2009). These
findings could be of clinical relevance, as changes in func-
tional connectivity in the default mode network have repeat-
edly been demonstrated in patients with Alzheimer’s disease,
and, moreover, in cognitively healthy subjects at risk for de-
veloping neurodegenerative diseases (Hafkemeijer et al.,
2012). However, it should be noticed that these changes are
not specific for elderly with SMC, as changes in functional
connectivity are found in a wide range of diseases from neu-
rodegenerative disorders to psychiatric diseases (Broyd et al.,
2009).

The medial visual network showed differences in func-
tional connectivity. This may appear as a remarkable finding,
as histological studies showed that the occipital cortex is one
of the latest brain regions affected in Alzheimer’s disease
(Braak and Braak, 1991). However, previous studies repeat-
edly showed that functional connectivity and reactivity is
altered in the occipital lobe in mild cognitive impairment,
and mild, moderate, and severe Alzheimer’s disease (Bokde
et al., 2008, 2010; Horwitz et al., 1995; Prvulovic et al., 2002;
Rombouts et al., 2005; Zhang et al., 2010), showing that
fMRI changes may occur in the earlier phases of dementia
in the occipital lobe, and may not necessarily follow the
same sequential pattern as found in histological studies.

Conclusion

Here, we demonstrated that, in addition to structural brain
deficits, increases in functional connectivity are present in el-
derly with SMC. The present study is the first which demon-
strates that functional connectivity is increased in the default
mode and medial visual network in these elderly. Our find-
ings in elderly with SMC suggest that self-reported SMC is
a reflection of objective alterations in brain function. Further-
more, our results indicate that functional imaging, in addition

to structural imaging, can be a useful tool to objectively deter-
mine a difference in brain integrity in elderly with SMC.
Further investigation is necessary to confirm the present find-
ings, to establish the pathophysiology and clinical meaning of
SMC, and to establish the potential role of fMRI in the predic-
tive models of dementia.
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Bajo R, Castellanos NP, López ME, Ruiz JM, Montejo P, Monte-
negro M, et al. 2011. Early dysfunction of functional connec-
tivity in healthy elderly with subjective memory complaints.
Age 34:497–506.

Beckmann CF, Deluca M, Devlin JT, Smith SM. 2005. Investiga-
tions into resting-state connectivity using independent com-
ponent analysis. Phil Trans R Soc B 360:1001–1013.

Birn RM. 2012. The role of physiological noise in resting-state
functional connectivity. NeuroImage 62:864–870.

Bokde ALW, Lopez-Bayo P, Born C, Dong W, Meindl T, Lein-
singer G, et al. 2008. Functional abnormalities of the visual
processing system in subjects with mild cognitive impair-
ment: an fMRI study. Psychiatry Res 163:248–259.

Bokde ALW, Lopez-Bayo P, Born C, Ewers M, Meindl T, Teipel
SJ, et al. 2010. Alzheimer disease: functional abnormalities
in the dorsal visual pathway. Radiology 254:219–226.

Bondi MW, Houston WS, Eyler LT, Brown GG. 2005. fMRI evi-
dence of compensatory mechanisms in older adults at genetic
risk for Alzheimer disease. Neurology 64:501–508.

Braak H, Braak E. 1991. Neuropathological stageing of Alz-
heimer-related changes. Acta Neuropathol 82:239–259.

FIG. 4. Boxplots of in-
creased functional connectiv-
ity in elderly with SMC. For
each subject, mean z scores
were extracted from the brain
areas with increased func-
tional connectivity in elderly
with SMC (blue areas in Figs.
2 and 3). Boxplots for the de-
fault mode network and the
medial visual network, show
median, lower and upper
quartile, and sample mini-
mum and maximum.

360 HAFKEMEIJER ET AL.



Broyd SJ, Demanuele C, Debener S, Helps SK, James CJ, Sonuga-
Barke EJS. 2009. Default-mode brain dysfunction in mental
disorders: a systematic review. Neurosci Biobehav Rev 33:
279–296.

Buckner RL, Andrews-Hanna JR, Schacter DL. 2008. The brain’s
default network: anatomy, function, and relevance to disease.
Ann N Y Acad Sci 1124:1–38.

Cole DM, Smith SM, Beckmann CF. 2010. Advances and pitfalls
in the analysis and interpretation of resting-state fMRI data.
Front Syst Neurosci 4:1–15.

Damoiseaux JS, Rombouts SARB, Barkhof F, Scheltens P, Stam
CJ, Smith SM, et al. 2006. Consistent resting-state networks
across healthy subjects. Proc Natl Acad Sci USA 103:13848–
13853.

Dennis NA, Browndyke JN, Stokes J, Need A, Burke JR, Welsh-
Bohmer KA, et al. 2010. Temporal lobe functional activity
and connectivity in young adult APOE varepsilon4 carriers.
Alzheimers dement 6:303–311.

Dik MG, Jonker C, Comijs HC, Bouter LM, Twisk JW, Van Kamp
GJ, et al. 2001. Memory complaints and APOE-epsilon4 accel-
erate cognitive decline in cognitively normal elderly. Neurol-
ogy 57:2217–2222.

Filippini N, MacIntosh BJ, Hough MG, Goodwin GM, Frisoni GB,
Smith SM, et al. 2009. Distinct patterns of brain activity in
young carriers of the APOE-epsilon4 allele. Proc Natl Acad
Sci USA 106:7209–7214.

Fleisher AS, Sherzai A, Taylor C, Langbaum JBS, Chen K,
Buxton RB. 2009. Resting-state BOLD networks versus task-
associated functional MRI for distinguishing Alzheimer’s
disease risk groups. NeuroImage 47:1678–1690.

Folstein MF, Folstein SE, McHugh PR. 1975. Mini-mental state: a
practical method for grading the cognitive state of patients for
the clinician. J Psychiat Res 12:189–198.

Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC,
Raichle ME. 2005. The human brain is intrinsically organized
into dynamic, anticorrelated functional networks. Proc Natl
Acad Sci USA 102:9673–9678.

Fox NC, Schott JM. 2004. Imaging cerebral atrophy: normal age-
ing to Alzheimer’s disease. Lancet 363:392–394.

Gallagher M, Bakker A, Yassa M, Stark C. 2010. Bridging
neurocognitive aging and disease modification: targeting
functional mechanisms of impairment. Curr Alzheimer Res
7:197–199.

Glodzik-Sobanska L, Reisberg B, De Santi S, Babb JS, Pirraglia E,
Rich KE, et al. 2007. Subjective memory complaints: presence,
severity and future outcome in normal older subjects. Dement
Geriatr Cogn Disord 24:177–184.

Good CD, Johnsrude IS, Ashburner J, Henson RN, Friston KJ,
Frackowiak RS. 2001. A voxel-based morphometric study of
ageing in 465 normal adult human brains. NeuroImage
14:21–36.

Greicius MD, Srivastava G, Reiss AL, Menon V. 2004. Default-
mode network activity distinguishes Alzheimer’s disease
from healthy aging: evidence from functional MRI. Proc
Natl Acad Sci USA 101:4637–4642.

Hafkemeijer A, Van der Grond J, Rombouts SARB. 2012. Imaging
the default mode network in aging and dementia. Biochim
Biophys Acta 1822:431–441.

Han Y, Wang J, Zhao Z, Min B, Lu J, Li K, et al. 2011. Frequency-
dependent changes in the amplitude of low-frequency fluctu-
ations in amnestic mild cognitive impairment: a resting-state
fMRI study. NeuroImage 55:287–295.

Hedden T, Van Dijk KRA, Becker JA, Mehta A, Sperling RA,
Johnson KA, et al. 2009. Disruption of functional connectivity

in clinically normal older adults harboring amyloid burden.
J Neurosci 29:12686–12694.

Hejl A, Høgh P, Waldemar G. 2002. Potentially reversible condi-
tions in 1000 consecutive memory clinic patients. J Neurol
Neurosurg Psychiatry 73:390–404.

Horwitz B, McIntosh A, Haxby J, Furey M, Salerno J, Schapiro M,
et al. 1995. Network analysis of PET-mapped visual pathways
in Alzheimer type dementia. Neuroreport 2287–2292.

Jenkinson M, Bannister P, Brady M, Smith S. 2002. Improved op-
timization for the robust and accurate linear registration and
motion correction of brain images. Neuroimage 17:825–841.

Jessen F, Feyen L, Freymann K, Tepest R, Maier W, Heun R, et al.
2006. Volume reduction of the entorhinal cortex in subjective
memory impairment. Neurobiol Aging 27:1751–1756.

Jessen F, Wiese B, Bachmann C, Eifflaender-Gorfer S, Haller F,
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