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Abstract: Brain activation in studies using blood oxygenation level dependent (BOLD) FMRI is associated
with an increase in T2* weighted signal between baseline and an active condition. This BOLD technique is
often applied to study differences in brain activation between patients and healthy controls. However, the
baseline T2* signal itself may also be different between groups, as shown in the hippocampus in Alzhei-
mer’s disease using the resting oxygen or ROXY approach (Small et al. [2002]: Ann Neurol 51:290–295). In
the current study, we analyzed whole brain, voxel-wise T2* weighted signal of averaged baseline scans of a
BOLD FMRI experiment in 41 healthy elderly controls and 46 patients with mild cognitive impairment or
Alzheimer’s disease. In each subject, T2* weighted images were normalized to the CSF signal of the same
image. Additionally, gray matter probability maps of high-resolution structural scans were also compared
between groups to assess atrophy. T2* signal was decreased in dementia in the hippocampus, insula/puta-
men, posterior and middle cingulate cortex, and parietal cortex. Most of these regions also showed
decreased gray matter, except insula/putamen. Hippocampal and posterior cingulate gray matter differen-
ces were significantly larger than T2* differences. Therefore, decreased T2* signal in most regions are likely
to be caused by gray matter atrophy, although decreased metabolism or perhaps iron deposition are also
factors that may contribute. We conclude that in FMRI studies of dementia, not only the dynamic BOLD
signal (activation and deactivation) but also the average baseline signal is diminished in certain regions.
The method we applied may also be used in task-related BOLD FMRI and add to the understanding of the
mechanism of task-related group differences. Hum Brain Mapp 28:1313–1317, 2007. VVC 2007 Wiley-Liss, Inc.
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INTRODUCTION

In few years time, FMRI has become the most commonly
applied methodology to image brain activation. The major-
ity of FMRI studies apply T2* weighted imaging, sensitive
to blood oxygenation level dependent (BOLD) contrast
[Ogawa et al., 1990]. Usually, the BOLD signals during at
least two conditions are compared: a reference condition
and a condition of activation. Increasing regional brain
activation between conditions is associated with increasing
BOLD signal.
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FMRI is often applied to study group differences in
brain activation, for example, differences between patients
and healthy controls. In these studies, group differences
between T2* signal changes between two conditions, often
activation versus reference, are analyzed. However, the
reference (or rest) T2* signal itself may also be different in
certain regions. Recent BOLD FMRI data support the view
that resting state FMRI data (that is, BOLD signal time
courses during a resting state) contain much more infor-
mation than would be expected when the temporal BOLD
variations during resting state would simply be noise.
Structured network activity is observed when time series
of resting state data are analyzed [Beckmann et al., 2005;
De Luca et al., 2005; Fox et al., 2005; Greicius et al., 2003;
Laufs et al., 2003]. The reference signal in task-related
FMRI may reflect ongoing cognitive processes during pre-
sumed ‘‘rest’’ (absence of overt activity) [Gusnard and
Raichle, 2001; Stark and Squire, 2001].
Besides network activity during resting state, other factors

can also affect the signal. Of importance for studies of neurode-
generative diseases (i.e., dementia) is that atrophy also can affect
the resting T2* signal: a change in the ratio of gray matter vol-
ume and CSF within a voxel changes the T2* signal. Further, in
Parkinson’s disease, the putaminal body has hypointense signal
on T2 weighted MR images, thought to be because of an
increase in iron deposition [Drayer et al., 1986a,b]. Region of in-
terest analyses of hippocampal regions showed that the resting
state T2* signal was diminished in AD in the hippocampus
[Small et al., 2002]. The authors argued that this was caused by
diminishedmetabolism, causing decreased resting BOLD signal
[Small et al., 2002]. These hippocampal ROI analyses have not
been extended to whole brain analyses. Whole brain, static
(hence no time series) resting state T2* signal analyses in de-
mentia is the topic of the current study.
Whatever the exact underlying cause for a specific popula-

tion, different T2* weighted signal in the reference image has
implications for BOLD activation studies when group x con-
dition interactions are analyzed. Interpretation of the pres-
ence or absence of these interactions in the context of resting
state (or reference condition) differences will further our
understanding of disease-related changes in brain activation.
Previously, we reported on altered activation and deacti-

vation in early dementia [Rombouts et al., 2005a,b]. In the
current study, we reanalyzed these data and determined the
average rest whole brain static T2* weighted signal in each
subject of the same dataset. We aimed to determine whether
there are any regions with an altered baseline T2* weighted
signal in dementia, and how these relate to atrophy.

METHODS

Subject Recruitment

Patients were recruited at the Alzheimer Center of the
VU University Medical Center, Amsterdam, the Nether-
lands. MCI patients were diagnosed using criteria for
amnestic MCI [Petersen et al., 2001], with mini mental

state examination (MMSE) scores >25 [Folstein et al., 1975],
and clinical dementia rating (CDR) scale scores of 0.5
[Morris, 1993]. Twenty-eight MCI patients were included
(age 74.0 6 7.5 years and range 54–84 years; MMSE 26.9 6
1.2; 8 male, 20 female; average education 2.2 6 0.6 on a
discrete scale with three levels: low ¼ 1, middle ¼ 2, and
high ¼ 3; three patients were left-handed).
AD patients were diagnosed using NINCDS-ADRDA cri-

teria [McKhann et al., 1984], with MMSE scores >18 and
CDR < 2. These values correspond to what is known as mild
AD. Eighteen AD patients were included (age 74.1 6
8.0 years and range 55–83 years; MMSE 22.5 6 2.2; 11 male,
7 female, and education 1.7 6 0.6; one patient was left-
handed). Forty-one healthy controls (age 63.1 6 5.2 years
and range 50–75 years; MMSE 29.06 0.9; 28 male, 13 female,
and education 2.1 6 0.7; two were left-handed) were also
included. The research was performed in compliance with
the Code of Ethics of the World Medical Association (Decla-
ration of Helsinki). The experiment was approved by the
Medical Ethics Committee of the VU University Medical
Center, Amsterdam. All subjects provided informed con-
sent, patients under supervision of a lawful caregiver if nec-
essary. Subjects were excluded if they had any significant
medical, neurological, or psychiatric illness, or if they were
taking medication or other substances known to influence
cerebral function. In this study, only patients were included
whose diagnosis had remained unaltered during a 6 month
follow-up. In this study, two groups were analyzed: all con-
trol versus all patients.

MR Acquisition

Imaging was carried out on a 1.5 T Sonata MR scanner
(Siemens, Erlangen, Germany), using a standard circularly
polarized head coil with foam padding to restrict head
motion. For T2* weighted imaging, an echo planar imaging
(EPI) sequence was used (echo time 60 ms, flip angle 908,
repetition time 2100 ms, matrix 64 � 64, field of view 192 �
192 mm2), to obtain 21 transverse slices (5 mm thickness
and 1-mm interslice gap). The EPI sequence was repeated
many times as part of a longer activation paradigm (data
not shown). For the current study, the first five T2*
weighted volumes were deleted. Only the next 10 whole
brain T2* weighted scans acquired during the 21 s fixation
period at the beginning of the face encoding paradigm
were used [Rombouts et al., 2005b]. A T1-weighted struc-
tural MRI-scan was also acquired (MPRAGE, inversion time:
950 ms and TR ¼ 2700 ms; TE ¼ 3.97 ms; flip angle ¼ 88,
160 coronal slices, 1 � 1 � 1.5 mm3 voxels).

Data Analysis

Image analysis was carried out using FSL 3.2 (FMRIB’s
Software Library, www.fmrib.ox.ac.uk/fsl [Smith et al.,
2004]). EPI scans were first corrected for motion [Jenkinson
et al., 2002]. Of both EPI scans and the structural scan,
non-brain structures were removed [BET, Smith, 2002]. In
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each subject, the 10 EPI scans during fixation (control con-
dition) were then averaged to create the static BOLD refer-
ence state image. This image was registered to the struc-
tural image in each subject separately using affine registra-
tion [FLIRT, Jenkinson et al., 2002]. Structural images of
each subject were segmented into gray matter, white mat-
ter, and CSF [Zhang et al., 2001]. Average CSF signal in
the EPI image was determined as follows. Voxels in the
segmented structural image with the very highest proba-
bility of being classified as CSF, and located in the lateral
ventricles were considered CSF. This approach decreases
the possibility of including unwanted signal of other com-
partments than CSF. Since the EPI scan was registered to
the structural scan, the EPI signal in those CSF regions
was averaged to obtain the average CSF signal on the EPI
scans. Next, in each subject, a normalized EPI scan was
calculated by dividing each voxel’s signal by this average
CSF signal. With this approach of normalization, we
assumed that the absolute MR signal of CSF in the T2*
weighted scan is identical in patients and controls. Thus,
all CSF signal variation in the T2* weighted images is
assumed to result from variation between subjects in the
total gain in the receive pathway of the MR scanner. Next,
both these normalized EPI images and the gray matter
probability (GMP) images were put in standard space after
registering each subject’s structural image to the MNI 152
standard space (average T1 brain image constructed from
152 normal subjects at the Montreal Neurological Institute,
Montreal, QC, Canada) by using affine registration [FLIRT,
Jenkinson et al., 2002]. In standard space, all images were
spatially smoothed using FWHM ¼ 8 mm.
First, normalized EPI signal was compared voxel-wise

using FSL with a two sample t test (P < 0.001) without age
and gender as covariates. Although age was different
between groups and should be corrected for in the statistical
model, we first aimed to show differences in EPI signal with
the most sensitive analysis. Of each region that was signifi-
cantly different between patients and controls on the nor-
malized EPI images, both EPI and GMP signal was averaged,
giving T2* and GMP variables. These two variables per
region were then further analyzed using a GLM testing for
group differences per region, both without and with age and
gender as covariates. Further, it was tested whether one vari-
able showed a significantly larger group difference than the
other. Hence, of all regions that turned out to have different
T2* weighted signal without including age and gender as
covariates, we also analyzed whether these differences were
present on GMP maps (and which difference was greater
than the other). Additionally, all was reanalyzed with age
and gender as covariates.

RESULTS

Patients showed increased T2* signal near the ventricles
in the whole brain voxel-wise analysis without covariates
(Fig. 1). This is because CSF has highest signal intensity on
T2* weighted scans, and ventricles are enlarged in patients.

The presence of both ischemia and white matter lesions,
which occur more often in dementia than in healthy aging,
may also contribute to the enhanced T2* signal in those
regions.
Compared to controls, patients showed decreased T2*

signal in the left hippocampus, middle and posterior cin-
gulate cortex/precuneus, left and right insula/putamen,
and left parietal cortex (Fig. 1).
In these six regions, both T2* signal and GMP variables

were averaged and analyzed further. In all regions, except
the bilateral insula/putamen, patients also had decreased
GMP when compared with controls (Table I). In two of
these regions (left hippocampus and posterior cingulate
cortex), the group differences were significantly greater for
GMP than T2*.
Including age and gender as covariates showed that

only the T2* variable in the posterior cingulate/precuneus
was no longer significantly different between patients and
controls (P ¼ 0.08), all other differences and interactions
remained significant (Table I).

DISCUSSION

We introduced a method to compare whole brain, voxel-
wise T2* weighted signal of an averaged ‘‘fixation state’’
scan between groups on images commonly used for task-
related FMRI. This was done by creating T2* weighted
images, which were normalized to the CSF signal of the
same image. We also compared these T2* group differen-
ces to GMP group differences. We found decreased T2*
signal in dementia in the hippocampus, insula/putamen,
posterior and middle cingulate cortex, and parietal cortex.
Most of these regions also showed decreased GMP, except
insula/putamen. Hippocampal and posterior cingulate
GMP differences were significantly larger than T2*

Figure 1.

Coronal and transverse sections showing significant signal differ-

ences of static BOLD EPI images between controls and patients,

projected on the average structural scan of all subjects (P <
0.001, uncorrected). In blue: signal decreases in healthy controls;

in orange/yellow: signal increases in healthy controls. Signal decreases

are located at the borders of ventricles. Signal increases are

located in left hippocampus (image on the left), insula/putamen

bilateral (image on left and in middle) and posterior cingulate

cortex/precuneus (image on the right).
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differences. Therefore, most T2* differences are likely to be
caused by GM atrophy, although decreased metabolism, or
perhaps iron deposition are also factors that may contrib-
ute. Furthermore, it should be noted that reduced GMP is
not a direct indicator of atrophy. Differences in anatomic
variability, in accuracy of segmentation and registration to
standard space of patients’ and controls’ images may also
contribute to the observed GMP differences.
Small et al. analyzed individual hippocampal subregions

using regions of interest on T2* weighted, high resolution
scans in young and elderly cases (the resting oxygen or
ROXY approach, [Small et al., 2002]). It was found that signal
of two specific hippocampal subregions declined normally
with age, and one subregion showed pathological decline.
The authors further showed that the ROXY signal in the
entorhinal cortex correlated with memory decline, sug-
gesting that ROXY signal of this region might be an early
marker of AD. Here, we also compared resting T2*
weighted signal and for the first time, this was analyzed
throughout the whole brain. Although at lower spatial re-
solution, we also found T2* signal decrease in the hippo-
campus. The spatial resolution used in the current study
and the applied group averaging did not allow to deter-
mine the exact subregion. However, because of the whole
brain approach, we also found that other regions than the
hippocampus had decreased T2* weighted signal. Poste-
rior cingulate cortex and precuneus also had a decreased
T2* weighted signal. Reduced activity in these regions in
early AD is a common finding using PET and SPECT
scanning [Johnson et al., 1998; Matsuda, 2001; Minoshima
et al., 1997]. Gray matter loss in these regions has also
been shown using MRI [Karas et al., 2003, 2004]. In the
current study, insula/putamen also had diminished T2*
signal. These regions are not commonly found to have
diminished activity in dementia with any scanning tech-
nique, although insular atrophy has been shown in early
AD using MRI [Karas et al., 2003, 2004].

In the study of Small et al., the signal changes could not
have been caused by atrophy because of the high resolu-
tion ROI analysis. The authors argued that this was caused
by diminished metabolism, causing decreased resting
BOLD signal [Small et al., 2000, 2002]. In our current
study, atrophy could also have affected the resting BOLD
signal: if the gray matter/CSF ratio within a voxel
changes, the T2* weighted signal in that voxel will also
change. There may also be factors that cause T2* change,
which are not caused by BOLD signal or atrophy. In Par-
kinson’s disease, hypointensity of the putaminal body has
often been described [Drayer et al., 1986a,b]. It has been
suggested that the underlying cause is increased local iron
depositioning in Parkinson’s disease [Drayer et al.,
1986a,b]. Although, to our knowledge, there is no evidence
that this also occurs in dementia, it could also (partly)
explain the diminished T2* weighted signal in the current
study, with perhaps an increased likelihood in the puta-
men/insula.
We cannot exclude that more regions of decreased T2*

signal are present in gray matter. CSF has high signal on
T2* weighted images. Partial volume effects can mask or
even increase the signal in atrophic regions with (therefore
invisible) decreased T2* signal in gray matter. To further
analyze this, T2* images should be accurately be seg-
mented into gray, white matter, and CSF. With the current
spatial resolution, it was impossible to get a very accurate
segmentation. For this, high resolution T2* weighted
images would be needed.
We conclude that in FMRI studies of dementia, not only

the dynamic BOLD signal (activation, deactivation, or rest-
ing state connectivity), but also the static signal is dimin-
ished in certain regions. We have discussed the possible
underlying mechanisms. This technique may provide an
easy to apply, whole brain imaging method to study early
changes in dementia, as previously shown for the hippo-
campal region [Small et al., 2002]. Further, it may be used

TABLE 1. Z-scores of between-group comparisons of regions with a decreased T2* weighted signal in patients

compared to healthy controls

No covariates
With covariates age

and gender

InteractionT2* GMP T2* GMP

Left hippocampus 3.6 6.8 2.0 5.1 Yes, GMP larger group difference
Post cingulate/precuneus 3.6 6.2 1.7^ 4.0 Yes, GMP larger group difference
Mid cingulate 3.8 3.0 2.4 2.2 No
Left insula/putamen 4.8 1.0^ 2.9 2.1 No
Right insula/putamen 4.8 1.6^ 2.7 1.7^ No
Left parietal 4.6 5.4 3.4 3.9 No

Z-scores are shown for group differences using a general linear model with and without age and gender as covariates.
T2*: signal of normalized static BOLD-sensitive images.
GMP: grey matter probability maps based on structural T1-weighted high resolution scan.
Interaction: testing whether one variable (T2*/GMP) showed a significantly larger group difference than the other (GMP/T2*).
^: not significantly different between groups (p < 0.05).
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in task-related BOLD FMRI and add to the understanding
of the mechanism of task-related group differences.
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