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1. Introduction

Recently, there has been increasing interest in using functional
magnetic resonance imaging (fMRI) to investigate the ongoing
neuronal processes at the “resting” state. Biswal and colleagues
first reported that the spontaneous low-frequency (0.01–0.08 Hz)
fluctuations (LFFs) in fMRI were highly synchronous between the
right and left primary motor cortex at rest. The functional connec-
tivity pattern of LFFs was quite similar to the activation pattern
obtained from a bilateral finger-tapping task (Biswal et al., 1995),
suggesting that LFFs might contain physiologically meaningful
information. Combining electroneurophysiological recordings and
fMRI, many studies have suggested that the LFFs of blood oxygena-
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onal magnetic resonance imaging (fMRI) studies demonstrated the corre-
ct brain areas from the perspective of functional connectivity or functional
nectivity approaches do not directly provide information of the amplitude
egion within a network. Alternatively, an index named amplitude of low-
the resting-state fMRI signal has been suggested to reflect the intensity of
ivity. However, it has been indicated that the ALFF is also sensitive to the
t study proposed a fractional ALFF (fALFF) approach, i.e., the ratio of power
01–0.08 Hz) to that of the entire frequency range and this approach was
state fMRI data. The results showed that the brain areas within the default
rior cingulate cortex, precuneus, medial prefrontal cortex and bilateral

nificantly higher fALFF than the other brain areas. This pattern was con-
aging results. The non-specific signal components in the cistern areas in
antly suppressed, indicating that the fALFF approach improved the sensi-
g spontaneous brain activities. Its mechanism and sensitivity to abnormal
ed in the future studies.

© 2008 Elsevier B.V. All rights reserved.
tion level-dependent (BOLD) fMRI signals are closely related to the
spontaneous neuronal activities (Goldman et al., 2002; Logothetis
et al., 2001; Lu et al., 2007; Mantini et al., 2007). Numerous resting-
state fMRI studies have revealed high synchronization of LFFs
between the bilateral visual areas (Lowe et al., 1998), between
the bilateral auditory areas (Cordes et al., 2000), within the lan-
guage systems (Hampson et al., 2002) and within the default
mode network (Greicius et al., 2003). Abnormal functional con-
nectivity was found in a wide range of brain disorders including
Alzheimer’s disease (Greicius et al., 2004; Wang et al., 2006), atten-
tion deficit hyperactivity disorder (Castellanos et al., 2008; Tian
et al., 2006; Uddin et al., 2008), depression (Anand et al., 2005),
schizophrenia (Jafri et al., 2008) and so on. Although functional
connectivity analysis can provide us with more holistic informa-
tion of a set of brain regions within a network, it does not reveal
the BOLD signals change of the regional spontaneous activity. More-
over, abnormal connectivity among brain regions could not tell us
precisely in which brain region the spontaneous activity is abnor-
mal.

http://www.sciencedirect.com/science/journal/01650270
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Detection of regional abnormalities is crucial to the clinical
studies and even clinical applications. Resting-state positron emis-
sion tomography (PET) and electroencephalography (EEG) are two
fundamental neuroimaging tools that are widely used in clinical
practice. PET is used to evaluate the abnormality of regional brain
metabolism and EEG can be used to reveal the changes of the power
spectrum at some specific electrode positions. For the resting-state
fMRI, such a robust index for detecting regional activity is lacking.
Nevertheless, a few resting-state fMRI studies have investigated the
regional brain activities. For example, it was reported that the root
mean square (rms) of the LFFs in white matter was lower than that
in gray matter by about 60% (Biswal et al., 1995; Li et al., 2000).
Kiviniemi et al. (2000) used relative power of the peak over the
noise fit to generate “resting activation” map in the visual cor-
tex, and the results were similar to that obtained from correlation
analysis. Using a discrete cosine basis set containing 120 regres-
sors that spanned the frequency range of 0–0.1 Hz, Fransson (2005)
found strong spontaneous fluctuation within the default mode net-
work. Furthermore, Fransson (2006) indicated that the mean power
spectral density of intrinsic LFFs in the default mode network was
significantly decreased during a working memory task compared to
rest. Based on the previous studies, Zang et al. (2007) developed an
index, amplitude of LFFs (ALFF) in which the square root of power
spectrum was integrated in a low-frequency range, for detecting the
regional intensity of spontaneous fluctuations in BOLD signal. This
index was subsequently used to differentiate two resting states, i.e.,
eyes open vs. eyes closed (Yang et al., 2007). Furthermore, ALFF has
already been applied to patient studies including attention deficit
hyperactivity disorder (Zang et al., 2007) and early Alzheimer’s dis-
ease (He et al., 2007).

Although ALFF seems to be a promising method for detecting
regional signals change of spontaneous activity, an important issue
remains unclear. Raichle et al. (2001) have demonstrated that the
posterior cingulate cortex/precuneus (PCC/PCu), medial prefrontal
cortex (MPFC) and bilateral inferior parietal lobule (IPL), which con-
stitute the so-called default mode network, consistently showed
significantly higher activity (i.e., oxygen consumption and blood
flow) than the global mean at rest. Similarly, Zang et al. (2007) per-
formed a one-sample t-test and found that the PCC/PCu and MPFC
showed significant higher ALFF than the global mean ALFF. How-
ever, some cistern areas also showed significant higher ALFF (Zang
et al., 2007), probably due to higher physiological noise in these
areas.

The aim of the current study is to examine resting-state fMRI

signals in cisterns and cortical areas, and seek to improve the ALFF
analysis method. We propose a fractional ALFF (fALFF) approach, in
which the ratio of power spectrum of low-frequency (0.01–0.08 Hz)
range to that of the entire frequency range was computed. We fur-
ther test this improved approach on two-independent data sets.

2. Material and methods

2.1. Subjects

Subjects comprised of two groups: 24 boys and 16 adults (8
females), respectively. The data of the boy group was from the con-
trol group of a previous study (Cao et al., 2006) and the adult group
data was also used in a previous study (Zang et al., 2004). All sub-
jects were right-handed healthy volunteers with no history of head
trauma, neurological or psychiatric disorders. Data from 2 boys and
2 adults were excluded from further analysis due to excessive head
motion (see details in Section 2.3). Therefore, there were 22 boys
(11.3–14.9 years, 13.3 ± 1.0 years) and 14 adults (7 females, 21–31
years, 24.7 ± 2.8 years) left. Before MRI scanning, written informed
consents were obtained from all the adult subjects and the parents
ce Methods 172 (2008) 137–141

or guardians of all the boys. All the children agreed to participate
in the study.

2.2. Imaging protocol

MRI data were acquired on a SIEMENS Trio 3T scanner in the
Institute of Biophysics, Chinese Academy of Sciences. Subjects lay
supine with the head snugly fixed by a belt and foam pads to min-
imize head motion. During resting-state fMRI scanning, subjects
were instructed to close their eyes and keep still as much as possi-
ble, and not to think of anything systematically or fall asleep. The
resting-state functional images for the boy group were acquired
with the following parameters: TR = 2000 ms, TE = 30 ms, flip
angle = 90◦, in-plane resolution = 64 × 64, FOV = 220 mm × 220 mm,
30 axial slices, thickness/gap = 4.5/0 mm and 240 volumes (8 min).
For the adult group, parameters were: TR = 2000 ms, TE = 30 ms, flip
angle = 90◦, in-plane resolution = 64 × 64, FOV = 220 mm × 220 mm,
32 axial slices, thickness/gap = 3.0/0.75 mm, 4 of the 16 adults
having 208 volumes and the others having 240 volumes. For
both groups, a 3D T1-weighted image was acquired covering the
whole brain (176 sagittal slices for the boy group and 192 sagit-
tal slices for the adult group). Other parameters were the same
for both groups: TR = 1730 ms, TE = 3.93 ms, flip angle = 15◦, in-
plane resolution = 256 × 256, FOV = 240 mm × 240 mm and thick-
ness/gap = 1.0/0 mm).

2.3. Data preprocessing

The first 8 volumes were discarded for MRI signal to reach
a steady state, and for the subjects to get used to the scan-
ner noise. For subjects who were scanned 240 volumes, the last
32 volumes were discarded in order that all subjects had the
same length of time series in further processing. Part of the data
preprocessing, including slice timing, head motion correction (a
least squares approach and a 6-parameter spatial transformation)
and spatial normalization to the Montreal Neurological Institute
(MNI) template (resampling voxel size = 3 mm × 3 mm × 3 mm),
were conducted using the Statistical Parametric Mapping (SPM5,
http://www.fil.ion.ucl.ac.uk/spm) package. Subjects (2 boys and 2
adults) with head motion more than 3.0 mm of maximal trans-
lation (in any direction of x, y or z) or 1.0◦ of maximal rotation
throughout the course of scanning were excluded from fur-
ther analysis. Further processing of the resting-state fMRI data
was performed using AFNI (analysis of functional neuroimaging,

http://afni.nimh.nih.gov) software (Cox, 1996).

2.4. ALFF analysis (the original approach)

After preprocessing in SPM, linear trend was removed. Then the
fMRI data were temporally band-pass filtered (0.01 < f < 0.08 Hz) to
reduce the very low-frequency drift and high-frequency respira-
tory and cardiac noise (Biswal et al., 1995; Lowe et al., 1998). ALFF
analysis (Yang et al., 2007; Zang et al., 2007) was performed using
the AFNI software. The time series for each voxel was transformed
to the frequency domain and the power spectrum was then
obtained. Since the power of a given frequency is proportional
to the square of the amplitude of this frequency component,
the square root was calculated at each frequency of the power
spectrum and the averaged square root was obtained across
0.01–0.08 Hz at each voxel. This averaged square root was taken as
the ALFF (Zang et al., 2007). In our previous work (Zang et al., 2007),
the ALFF of each voxel was divided by the individual global mean
of ALFF within a brain-mask, which was obtained by removing the
tissues outside the brain using software MRIcro (by Chris Rorden,
http://www.psychology.nottingham.ac.uk/staff/cr1/mricro.html.

http://www.fil.ion.ucl.ac.uk/spm
http://afni.nimh.nih.gov/
http://www.psychology.nottingham.ac.uk/staff/cr1/mricro.html


Q.-H. Zou et al. / Journal of Neuroscience Methods 172 (2008) 137–141 139
Fig. 1. The results of one-sided one-sample t-tests of the original ALFF (a and c) and fA
uncorrected) and adult group (c and d) (n = 14, t > 6.0, p < 4.5 × 10−5, uncorrected). The t m

See original Ref. of Smith, 2002). This standardization procedure is
the same as that used in PET studies (Raichle et al., 2001). In the
current work, the individual data was transformed to Z score (i.e.,
minus the global mean value and then divided by the standard

Fig. 2. Illustration of the improvement of ALFF approach. (a) The time series (without fi
posterior cingulate cortex (PCC) (−4, −56, 25) of an individual. (b) The power in the SC is h
frequency to the integrate power of the entire frequency range indicates that the power i
LFF (b and d) approach, in the boy group (a and b) (n = 22, t > 6.0, p < 6.0 × 10−6,
aps were overlaid on the 3D images in the MRIcro software.

deviation) other than simply being divided by the global mean.
Spatial smoothing was conducted on the Z maps with an isotropic
Gaussian kernel of 8 mm of full-width at half-maximum. The Z
maps were transformed to the Talairach and Tournoux coordinates

ltering) from a typical voxel in the suprasellar cistern (SC) (−1, −2, −18) and the
igher than that in PCC at almost every frequency. (c) The ratio of the power at each

n the low-frequency range (0.01–0.08 Hz) is significantly suppressed in the SC.
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The t-test results of fALFF analysis for the both groups show
that the brain areas within the default mode network have sig-
nificantly higher fALFF than the rest of the brain (Fig. 1b and d),
well consistent with the previous results (He et al., 2004; Raichle
et al., 2001). The physiological noise in the cisterns and ventricles
that was found by the original ALFF approach was successfully sup-
pressed with the fALFF approach (Fig. 1b and d). The bilateral IPLs
have been consistently reported to be important components in the
default mode network (Greicius et al., 2003; Gusnard and Raichle,
2001; He et al., 2004; Raichle et al., 2001; Zang et al., 2004), and
these areas are robustly detected using fALFF analysis (Fig. 1a vs.
Fig. 1b, Fig. 1c vs. Fig. 1d). However, as shown in Fig. 1b and d,
some brain regions, such as the temporal–parietal regions and the
precentral gyrus, which are not part of the default mode network
(Raichle et al., 2001), also showed significant higher fALFF. This
might be a potential limitation for the current fALFF analysis. From
a methodological point of view, both PET and the current fALFF are
for measurement of local brain activity. However, the relationship
between cerebral metabolism or blood flow and the present fALFF
is unclear. The mechanism of the fALFF method needs to be further
studied.
140 Q.-H. Zou et al. / Journal of Neur

(Talairach and Tournoux, 1988) and one-sided one-sample t-test
was performed on the Z maps within the boy group and the adult
group, respectively.

2.5. fALFF analysis (the improved approach)

As shown in Fig. 1a and c, although the original ALFF approach
revealed significant higher ALFF in the PCC, PCu and MPFC, it also
showed significant higher ALFF in non-specific areas such as cis-
terns, ventricles and/or vicinity of large blood vessels. This result
was consistent to our previous results (Zang et al., 2007). The
time series (without filtering) from a typical voxel in the suprasel-
lar cistern (Talairach coordinates (−1, −2, −18)) of an individual
demonstrated higher fluctuations than that of a voxel from PCC
(Talairach coordinates (−4, −56, 25)) (Fig. 2a). The correspond-
ing power spectrum of this typical voxel in the suprasellar cistern
showed that its power at almost every frequency was higher than
that in PCC (Fig. 2b). To improve the original ALFF approach, a
ratio of the power of each frequency at the low-frequency range
(0.01–0.08 Hz) to that of the entire frequency range (0–0.25 Hz),
i.e., fractional ALFF (fALFF) was used (Fig. 2c). The procedure of
data analysis of fALFF was similar to Section 2.4 mentioned above.
After the linear trend was removed, the time series for each voxel
were transformed to a frequency domain without band-pass filter-
ing. The square root was calculated at each frequency of the power
spectrum. The sum of amplitude across 0.01–0.08 Hz was divided
by that across the entire frequency range, i.e., 0–0.25 Hz. Further
procedures were the same as in Section 2.4.

To further compare the ALFF and fALFF, a few typical voxels from
some areas were selected, including the lateral ventricle (5, −6, 21),
suprasellar cistern (−1, −2, −18), ambient cistern (16, −14, −22),
Sylvian fissure (−41, 11, −6), MPFC (−2, 38, 17) and PCC (−4, −56,
25) in the boy group and adult group. The Z scores (standardized
ALFF and fALFF value) of these typical voxels were presented.

3. Results and discussion

As predicted, the one-sample t-tests of the original ALFF analysis
show significant higher ALFF in the PCC, PCu and MPFC (Fig. 1a and
c). These results are consistent with previous resting-state PET stud-
ies (Raichle et al., 2001) and resting-state fMRI studies (Fransson,
2005; He et al., 2004), indicating that the higher ALFF within these
areas may reflect higher spontaneous neuronal activity during rest-

ing but awake state. However, significantly higher ALFF can also
been seen in the suprasellar cistern, ambient cistern, the ventricles
and/or vicinity of large blood vessels, such as the carotid artery,
basilar artery and sagittal sinus (Fig. 1a and c). This suggests that
the original ALFF approach may be sensitive to signal fluctuations
contributed from physiological noise irrelevant to brain activity.

The individual time series (without temporal filtering) and
power spectrum of typical voxels from the suprasellar cistern and
PCC demonstrate the effect of physiological noise and improvement
by the power ratio analysis using fALFF (Fig. 2). The amplitude of
fluctuations in the suprasellar cistern is much higher than that in
the PCC (Fig. 2a). The power spectrum of the time series in the
suprasellar cistern is higher at almost every frequency than that
of the PCC, especially at the higher frequency range (>0.08 Hz, see
Fig. 2b). The entire frequency range may be affected by physiologi-
cal noise induced by cardiac and respiratory pulsations (Birn et al.,
2006; Hu et al., 1995; Lund et al., 2006; Shmueli et al., 2007; Wise et
al., 2004). After the power spectrum fractionalizing was performed,
the power of the lower frequency range in the suprasellar cistern
becomes lower than that in the PCC (Fig. 2c), while the power of
high-frequency range is still higher for the voxel in suprasellar cis-
ce Methods 172 (2008) 137–141

tern. These results suggest that resting-state fMRI signals in the
cortical and cistern areas may have distinct characteristics in terms
of their power distribution at different frequency ranges. The dis-
tinct frequency properties may be utilized to distinguish noise from
signal associated with the LFFs, although the underlying mecha-
nism remains to be further revealed.
Fig. 3. The Z scores (standardized ALFF and fALFF values) and the corresponding t
values (one-sample t-test) of a few typical voxels selected from some areas in the
boy group (a) and adult group (b). LV, lateral ventricle (5, −6, 21); SC, suprasellar
cistern (−1, −2, −18); AC, ambient cistern (16, −14, −22); SF, Sylvian fissure (−41,
11, −6); MPFC, medial prefrontal cortex (−2, 38, 17); PCC, posterior cingulate cortex
(−4, −56, 25).
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mode of brain function. Proc Natl Acad Sci USA 2001;98:676–82.
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Fig. 3 illustrates the Z scores (mean ± S.D.) of the ALFF and fALFF
analyses in the selected brain regions from the boy group (Fig. 3a)
and adult group (Fig. 3b). The Z scores of fALFF reduce prominently
in the ventricle and cistern areas, while increasing sizably in the
PCC and MPFC, comparing to that of ALFF. Detailed comparison was
shown in the following when taking the boy group as an example. In
the suprasellar cistern, the Z scores of ALFF are significantly higher
than the global mean values (t = 11.44), while the Z scores of fALFF
in the same brain region are changed to be significantly lower than
the global mean (t = −8.09), indicated that the physiological noise
can be effectively suppressed by the fALFF approach. The PCC is one
important node of the default mode network (Raichle et al., 2001),
with higher ALFF (t = 8.66), and the fALFF values of the PCC are
more significant (t = 14.89). The results demonstrate that the fALFF
method is more sensitive to detect the neuronal activity. Thus the
fALFF approach selectively suppresses artifacts from non-specific
brain areas, while enhances signals from cortical regions associ-
ated with brain activity, making use of the distinct characteristics
of their signals in the frequency domain.

In summary, the results of current study demonstrated that
the fractional ALFF approach, i.e., the ratio of power spectrum of
low frequency (0.01–0.08 Hz) to that of the entire frequency range
(0–0.25 Hz, with TR = 2 s), may effectively suppress non-specific sig-
nal components in the resting-state fMRI, and therefore would
significantly improve the sensitivity and specificity in detect-
ing regional spontaneous brain activity. Its mechanism, e.g., the
relationship between fALFF and cerebral blood flow or oxygen
metabolism needs to be evaluated in the future studies. More-
over, its sensitivity to brain disorders should be explored in more
application studies.
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