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The human brain is a complex dynamic system capable of generating a multitude of oscillatory waves in
support of brain function. Using fMRI, we examined the amplitude of spontaneous low-frequency oscillations
(LFO) observed in the human resting brain and the test–retest reliability of relevant amplitude measures. We
confirmed prior reports that gray matter exhibits higher LFO amplitude than white matter. Within gray
matter, the largest amplitudes appeared along mid-brain structures associated with the “default-mode”
network. Additionally, we found that high-amplitude LFO activity in specific brain regions was reliable across
time. Furthermore, parcellation-based results revealed significant and highly reliable ranking orders of LFO
amplitudes among anatomical parcellation units. Detailed examination of individual low frequency bands
showed distinct spatial profiles. Intriguingly, LFO amplitudes in the slow-4 (0.027–0.073 Hz) band, as
defined by Buzsáki et al., were most robust in the basal ganglia, as has been found in spontaneous
electrophysiological recordings in the awake rat. These results suggest that amplitude measures of LFO can
contribute to further between-group characterization of existing and future “resting-state” fMRI datasets.

© 2009 Elsevier Inc. All rights reserved.
Introduction

The human brain is a complex dynamical system generating a
multitude of oscillatory waves. To characterize the diverse oscillatory
array, Buzsáki and colleagues proposed a hierarchical organization of
10 frequency bands they termed ‘oscillation classes,’ extending from
0.02 to 600 Hz (Buzsáki and Draguhn, 2004; Penttonen, 2003). They
noted that oscillations within specific classes have been linked with a
variety of neural processes, including input selection, plasticity,
binding, and consolidation (Buzsáki and Draguhn, 2004) as well as
cognitive functions including salience detection, emotional regula-
tion, attention andmemory (Knyazev, 2007). Recently, low-frequency
oscillations (LFO; typically defined as frequencies b0.1 Hz) have
gained increased attention based on observations using fMRI
approaches and direct current coupled electroencephalographic
scalp recordings (Demanuele et al., 2007; Fox and Raichle, 2007).
Using these modalities, researchers have consistently identified
coherent spontaneous low-frequency fluctuations in the 0.01–0.1 Hz
range during both resting and active-task conditions that are thought
to reflect cyclic modulation of gross cortical excitability and long
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distance neuronal synchronization (Balduzzi et al., 2008; Buzsáki and
Draguhn, 2004; Vanhatalo et al., 2004).

Despite the increased appreciation of spontaneous LFO in BOLD
fMRI resting state data (Fox and Raichle, 2007), the properties and
regional characteristics of spontaneous LFO rarely have been
examined directly. Instead, most resting state fMRI studies have
focused on mapping the spatial distribution of temporal correlations
among these spontaneous fluctuations. This is commonly referred to
as “resting-state functional connectivity” (RSFC). RSFC approaches
generate highly detailed maps of complex functional systems (Di
Martino et al., 2008b; Fox and Raichle, 2007; Margulies et al., 2007),
which have been shown to be both reliable over time (Deuker et al.,
2009; Shehzad et al., 2009) and reproducible across different data sets
(He et al., 2009). Using these approaches, numerous clinical studies
have already identified a variety of abnormalities in RSFC thought to
reflect pathophysiological processes (Broyd et al., 2009; Greicius,
2008; Seeley et al., 2009). Between-subject differences in RSFC
measures also correlate strongly with individual traits and behavioral
characteristics (Di Martino et al., 2009; Fox et al., 2007; Hampson
et al., 2006; Hesselmann et al., 2008; Kelly et al., 2008). Overall, RSFC
has proven to be a powerful and efficient tool for neuroimaging
studies of brain physiology and pathophysiology.

Although infrequently examined, other aspects of LFO observed
during rest may also prove informative. Of particular interest to the
present work is LFO amplitude information, which is commonly
overlooked as a potential index of spontaneous fluctuations during
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rest. The few fMRI studies that have directly examined variations in
LFO amplitudes have found meaningful differences among brain
regions and among clinical populations. Around 15 years ago, the first
studies reported regional differences in LFO amplitude (Biswal et al.,
1995; Jezzard et al., 1993). Specifically, they observed amplitudes that
were higher in gray matter than in white matter. Kiviniemi et al.
(2003) found distinct LFO patterns across visual, auditory and
sensorimotor regions; LFO in visual regions had the highest magni-
tude. Several recent studies located the highest LFO amplitudeswithin
posterior structures along the brain's midline (Zang et al., 2007; Zou
et al. , 2008, 2009). The feasibility of detecting regional differences in
LFO amplitudes is also supported by a recent computational
simulation, in which the highest oscillatory amplitudes emerged in
cingulate and medial prefrontal cortices (Ghosh et al., 2008).

Beyond within-subject regional differences, recent work suggests
that LFO amplitudes differ in clinical populations compared to healthy
controls. Specifically, children with attention-deficit/hyperactivity
disorder (ADHD) showed increased LFO amplitude in anterior
cingulate and sensorimotor cortices and decreased LFO amplitude in
inferior frontal cortex (Zang et al., 2007). More recently, patients with
mesial temporal lobe epilepsy (Zhang et al., 2008) exhibited marked
increases in LFO amplitudewithin the right precentral gyrus in addition
to decreases in amplitudewithin the “default-mode” network (Raichle
et al., 2001), particularly in the posterior cingulate, medial frontal and
anterior cingulate cortices. Although these reports have yet to be
replicated, the detection of between-group differences in LFO ampli-
tude suggests that these measures may reflect stable trait properties.

While these studies imply that LFO amplitudes may represent a
potentially meaningful and stable property of the human brain,
several physiological and neural factors also can impact LFO
amplitudes. Biswal et al. (1997) observed that LFO amplitudes are
sensitive to carbon dioxide (CO2) levels (i.e., room air vs. 5% CO2),
with amplitudes suppressed by hypercapnea. Similarly, Wise et al.
(2004) demonstrated that a component of low frequency BOLD
fluctuations could reflect carbon dioxide-induced changes in cerebral
blood flow. Several studies have demonstrated task-related modula-
tion of LFO amplitude measures. During working memory task
performance, regions of the “default-mode” network (e.g., anterior
and posterior midline areas) exhibited task-related reductions in LFO
amplitude (Fransson, 2006). Duff et al. (2008) also demonstrated
task-related reductions in LFO amplitude measures, affecting both
task-activated regions (e.g., supplementary motor area, motor
cortices) and task-deactivated regions (e.g., posterior cingulate
cortex). Some studies suggest that the specific instructions (e.g., rest
with eyes open vs. rest with eyes closed) impact LFO amplitude in
regions such as visual cortex (McAvoy et al., 2008; Yang et al., 2007).
Similarly, LFO amplitude is sensitive to arousal level. Sleep produces
stage-dependent alterations in amplitude patterns (Fukunaga et al.,
2008; Horovitz et al., 2008; Picchioni et al., 2008). Degree of
anesthesia and sedation also affect LFO amplitude (Kiviniemi et al.,
2000; Kiviniemi et al., 2005). Finally, an increasing number of studies
have drawn attention to the potential artifactual contributions of
cardiac and respiratory-related processes to LFO amplitude measures
(Bianciardi et al., 2009; Birn et al., 2006; Chang et al., 2009; van
Buuren et al., 2009; Yan et al., 2009). In summary, the various
physiological and state factors that can impact regional measures of
LFO amplitude raise concerns regarding test–retest reliability.

The present work provides a comprehensive examination of two
Fast Fourier Transform (FFT)-based indices of LFO amplitude: (1)
amplitude of low frequency fluctuations (ALFF) (Zang et al., 2007) and
(2) fractional amplitude of low frequency fluctuations (fALFF) (Zou
et al., 2008). ALFF is defined as the total power within the frequency
range between 0.01 and 0.1 Hz. Although ALFF is effective at detecting
LFO fluctuations, the fluctuations detected can extend over 0.1 Hz,
particularly near major vessels (Zou et al., 2008), which are
characterized by widespread oscillations across both low and high
frequencies. In contrast, fALFF is defined as the total power within the
low-frequency range (0.01–0.1 Hz) divided by the total power in the
entire detectable frequency range, which is determined by sampling
rate and duration. As a normalized index of ALFF, fALFF can provide a
more specific measure of low-frequency oscillatory phenomena.

For both ALFF and fALFF, we (1) characterized their spatial
distributions and (2) investigated their test–retest reliabilities. Prior
work has consistently demonstrated gray vs. white matter distinc-
tions for ALFF and fALFF measures, with low-frequency fluctuations
being more detectable within gray matter (Jezzard et al., 1993; Biswal
et al., 1995; Zang et al., 2007; Zou et al., 2008). However, regional
differences among gray matter regions have not been examined in
detail. Furthermore, ALFF and fALFF have yet to be directly compared.
Second, the increasing application of LFO amplitude measures in
clinical studies requires that the reliability of these measures be
addressed directly. We conducted our analyses using a previously
collected fMRI dataset (Shehzad et al., 2009), comprising 26
participants scanned on three different occasions, which allowed us
to assess both inter-session (5–16 months apart) and intra-session
(b1 h apart) reliability.

Finally, while the RSFC literature has typically focused on all
fluctuations below 0.1 Hz (Cordes et al., 2001), specific frequency
bands within the LFO range may contribute differentially to RSFC
(Salvador et al., 2008). For example, Buzsáki and colleagues noted that
neuronal oscillation classes are arrayed linearly when plotted on the
natural logarithmic scale (Buzsáki and Draguhn, 2004; Penttonen,
2003). They asserted that this regularity and much empirical data at
higher frequencies suggest that independent frequency bands are
generated by distinct oscillators, each with specific properties and
physiological functions. However, with a few exceptions (Cordes
et al., 2001; Salvador et al., 2007, 2008), fMRI studies rarely consider
divisions of the power spectrum beyond themost basic division of low
(b0.1 Hz) and high (N0.1 Hz) frequencies. Accordingly, in our
analyses, we incorporate the Buzsáki framework, which allows us to
differentiate four frequency bands instead of two.

Methods

Participants and data acquisition

We used a dataset comprising 26 participants (mean age 20.5±
4.8 years, 11 males) who were scanned three times as part of an
earlier study that examined the test–retest reliability of RSFC
(Shehzad et al., 2009). All participants were without a history of
psychiatric or neurological illness as confirmed by psychiatric clinical
assessment. Informed consent was obtained prior to participation.
Data collection was carried out according to protocols approved by
the institutional review boards of New York University (NYU) and the
NYU School of Medicine.

Three resting-state scans were obtained for each participant using
a Siemens Allegra 3.0-Tesla scanner. Each scan consisted of 197
contiguous EPI functional volumes (TR=2000 ms; TE=25 ms; flip
angle=90°, 39 slices, matrix=64×64; FOV=192 mm; acquisition
voxel size=3×3×3 mm). Scans 2 and 3 were conducted in a single-
scan session, 45min apart, andwere 5–16months (mean 11±4) after
scan 1. All individuals were asked to relax and remain still with eyes
open during the scan. For spatial normalization and localization, a
high-resolution T1-weighted magnetization prepared gradient echo
sequence was also obtained (MPRAGE, TR=2500 ms; TE=4.35 ms;
TI=900 ms; flip angle=8°; 176 slices; FOV=256 mm).

Image preprocessing

Preliminary data preprocessing was carried out using both FMRIB
Software Library (FSL: http://www.fmrib.ox.ac.uk/fsl, version 4.1) and
Analysis of Functional NeuroImaging (AFNI: http://afni.nimh.nih.gov/
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afni, version 2008_07_18_1710). Image preprocessing was mostly
consistent with previous studies on ALFF (Zang et al., 2007; Zou et al.,
2008) and included (1) slice time correction for interleaved acquisi-
tions using Sinc interpolation with a Hanning windowing kernel (FSL
command: slicetimer), (2) 3D motion correction via a robust and
accurate intra-modal volume linear registration (FSL command:
mcflirt), (3) despiking of extreme time series outliers using a
hyperbolic tangent function (AFNI command: 3dDespike), (4) 4D
normalization of the entire data set by a single scaling factor (i.e., all
volumes scaled by the same amount) to ensure a valid high-level
analysis (FSL command: fslmaths), (5) spatial smoothing via a
Gaussian kernel with FWHM=6 mm (FSL command: fslmaths), (6)
removal of linear trends (AFNI command: 3dTcat), and (7) estimation
of a nonlinear transformation from individual functional space into
MNI152 space (FSL commands: flirt and fnirt). Of note, the 4D data
normalization in step 4 differs from the so-called “global signal
normalization” frequently used in the RSFC literature, which forces
each 3D volume to have a same mean value (Fox et al., 2009; Murphy
et al., 2009). No temporal filtering was implemented during
preprocessing. This assures that the entire frequency band below
the Nyquist frequency (0.25 Hz) can be examined in subsequent
analyses of LFO amplitude.

Computing ALFF and fALFF

For each scan and each participant, we performed ALFF and
fractional ALFF (fALFF) analyses to identify those voxels with
significantly detectable LFO amplitude (ALFF) or proportion of LFO
amplitude (fALFF). For a timeseries x(t), ALFF is calculated as the sum
of amplitudes within a specific low frequency range (in equation (1):
0.01–0.1 Hz). Fractional ALFF is the ALFF of given frequency band
expressed as a fraction of the sum of amplitudes across the entire
frequency range detectable in a given signal. The twomeasures reflect
different aspects of LFO amplitude: ALFF indexes the strength or
intensity of LFO, while fALFF represents the relative contribution of
specific LFO to the whole detectable frequency range. In fact, as shown
in equation (2), fALFF can be regarded as a normalized ALFF, using the
total energy over the detectable frequency range. In practice, the total
energy of entire signals may be different across brain regions (e.g.,
voxels), which can lead fALFF to differ from ALFF in some regions
more than others. The ALFF measure is analogous to Resting-State
Fig. 1. Computational diagram for individual amplitude of low frequency fluctuations (ALF
conduct power spectral density (PSD) analyses of the resting state fMRI signal and to co
amplitude of low frequency fluctuations (ALFF), and the fractional ALFF (fALFF). All calcula
statistical analysis, these ALFF and fALFF maps are converted into Z-score maps by subtractin
Fluctuations Amplitude (RSFA) (Kannurpatti and Biswal, 2008), which
is a time-domain LFO amplitude measure calculated as the standard
deviation of low-pass filtered (b0.1 Hz) “resting state” timeseries.
However, computing measures of LFO amplitude in the frequency
domain has the advantage of offering the ability to simultaneously
examine specific bands within the LFO frequency range.
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Wefirst computed ALFF and fALFF for every voxel in the brain. Prior
to subsequent analyses, subject-level voxel-wise ALFF maps were
standardized into subject-level Z-score maps (i.e., by subtracting the
mean voxel-wise ALFF obtained for the entire brain, and then dividing
by the standard deviation). The same Z-transform was applied to
subject-level fALFF maps. The standardized ALFF and fALFF can
improve the subsequent statistical analyses on group-level LFO amp-
litude measures and their test–retest reliability (see Supplementary
Text “The Usage of Standardized LFO Amplitude Measures”). Fig. 1
provides a schematic of the computation procedure. We consider the
mean LFO amplitude (ALFF and fALFF) for the entire brain to be the
baseline of LFO amplitude (ALFF and fALFF).

Spatial normalization

The nonlinear transformation from preprocessing step 7 was used
for two spatial normalization procedures. First, to perform group
statistical analyses, we converted all individual Z-score maps to
MNI152 standard space with 2×2×2 mm spatial resolution. Second,
in order to provide an anatomical template for visualizing the group
statistical maps, individual anatomical images were transformed to
1×1×1 mm MNI-152 space and then were averaged across
participants.
F) and fractional ALFF (fALFF) maps. This sketch summarizes the main steps taken to
mpute the amplitude measures of low frequency oscillations implemented here: the
tions are done in a participant's native space. The red line is at 0.1 Hz. For group-level
g mean and dividing standard deviation within a whole brain mask for the participant.
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1435X.-N. Zuo et al. / NeuroImage 49 (2010) 1432–1445
Group voxel-wise analyses

Group-level analyses were carried out using amixed-effects model
(as implemented in the FSL program FLAME). First, a fixed-effects
analysis was carried out for each participant, which combined all
three scans for each participant. We then performed a standard
mixed-effect analysis on these fixed-effects results. Cluster-based
statistical corrections for multiple comparisons were performed using
Gaussian random field theory (ZN2.3; pb0.05, corrected). This group-
level analysis produced thresholded Z-statistic maps showing brain
regions with significantly detectable ALFF or fALFF (i.e., differing
significantly from the global brain baseline of ALFF or fALFF). The
group-level ALFF map shows those brain areas that exhibited LFO
amplitudes that were significantly higher than the baseline, across
subjects. The group-level fALFF map shows those regions whose
contribution to the low frequency amplitudes was significantly higher
than the baseline.

As suggested in the original fALFF paper (Zou et al., 2008), because
fALFF provides a ratio of power at low frequencies to the power of
lower and higher frequencies within the range sampled by a given
fMRI BOLD signal, fALFF may provide a more reasonable measure of
LFO that controls for contributions from several nuisance sources.
Such nuisance signals are likely to have a different spatial distribution
to that of neurophysiologically meaningful LFO. We therefore tested
for differences between ALFF and fALFF by performing a paired-test on
the individual fixed-effects maps. Multiple comparisons correction
based on Gaussian random field theory (ZN2.3; pb0.05, cluster-level
corrected) was applied. This group-level analysis generated Z-statistic
maps of regions in which ALFF differed significantly from fALFF. We
used a peak detection algorithm as implemented in the AFNI
command (3dmaxima) to identify peaks for the group-level Z-statistic
maps using a minimum threshold of Z ≥ 2.3 and minimum distance
between peaks of 20, 2-mm isomorphic voxels.

In order to demonstrate previously reported distinctions between
gray and white matter with respect to LFO amplitudes, voxels were
labeled as gray, white and neither, based upon corresponding 152-
brain average tissue prior maps (MNI152 space) provided by FSL
(tissue belong probability threshold=50%).

Test–retest reliability analyses

To investigate the test–retest reliability of ALFF and fALFF, we
calculated intraclass correlation (ICC), a common index of test–retest
reliability (Shrout and Fleiss, 1979). For each brain unit (e.g., voxel),
the ALFF (or fALFF) was first merged into two 26×2 ALFF (or fALFF)
matrices. Here the two 26×2 matrices can represent ALFF (or fALFF)
across scans 2 and 3 (intra-session, short-term reliability) or between
scan 1 and the average of scans 2 and 3 (inter-session, long-term
reliability). Scans 2 and 3 were averaged to improve the estimation of
long-term reliability. Using a one-way ANOVA on each of the two
matrices, with random subject effects, we split the total sum of the
squares into between-subject (MSb) and within-subject (MSw, i.e.,
residual error) sum of squares. ICC values were subsequently
calculated according to the following equation where k is the number
of repeated observations per subject (Shrout and Fleiss, 1979):

ICC =
MSb − MSw

MSb + k − 1ð ÞMSw
: ð3Þ

As per equation (3), for a measure to be reliable (exhibiting high
ICC) there should be lowwithin-subject variance relative to between-
subject variance. Thus, ICC ranges from 0 (no reliability) to 1 (perfect
reliability) and can be understood as a measure of discrimination
between participants (Bland and Altman, 1996). We used the same
methods of peak detection applied to the group-level Z-statistic maps
to detect ICC peaks (thresholded at ICC≥0.5).
Region-based analysis

Parcellation-basedmasks were generated from the 50% probability
thresholded Harvard-Oxford Structural Atlas, a probabilistic atlas that
defines regions based on standard anatomical boundaries (Kennedy
et al., 1998; Makris et al., 1999). Masks overlapping the midline were
divided at X=0, creating a total of 110 regional masks (55 in each
hemisphere). ALFF and fALFF measures were calculated for each
parcellation region from the mean Z-score in the region. For each
participant, ALFF and fALFF measures were obtained for each scan
separately and then averaged. The Friedman test was used to examine
the presence of a significant ordering of anatomical regions with
respect to each of the amplitude measures (ALFF and fALFF).

Decomposing LFO in different frequency bands

We subdivided the low frequency range into four bands as
previously defined (Buzsáki and Draguhn, 2004; Penttonen, 2003):
slow-5 (0.01–0.027 Hz), slow-4 (0.027–0.073 Hz), slow-3 (0.073–
0.198 Hz) and slow-2 (0.198–0.25 Hz). We computed group level
ALFF and fALFF spatial maps and ICC for all four bands (slow-5, slow-4,
slow-3 and slow-2) in the samemanner as for the primary broadband
analysis. To further examine region-based differences in LFO
amplitude between these slow bands, for each of four slow bands,
we computed the percentage of voxels exhibiting significantly
detectable ALFF (or fALFF) for each of the 110 Harvard–Oxford
parcellation units.

Of note, the frequencies subtended by the slow-5 and slow-4
bands are those typically utilized for RSFC analyses (0.01–0.1 Hz). To
test for the presence of regional differences in significantly detectable
LFO amplitude at the two bands, we carried out paired tests using a
mixed-effect group analysis between the slow-5 and slow-4 bands for
each of the measures (ALFF and fALFF).

Results

Analytic overview

We divided our examination of LFO into three domains of
investigation. First, based on resting state fMRI timeseries' power
spectral density, we systematically characterized the spatial distribu-
tions of both LFO amplitude measures (ALFF and fALFF) (Zou et al.,
2008) within the traditional low frequency range (0.01–0.1 Hz).
Second, we evaluated short-term or intra-session (b1 h) test–retest
reliability and long-term or inter-session (N5 months) test–retest
reliability for each of the two amplitude measures. Finally, we
provided a more comprehensive examination of the power spectrum
of the spontaneous BOLD fluctuations by subdividing it into four
different slow frequency ranges based on prior work (slow-5: 0.01–
0.027 Hz, slow-4: 0.027–0.073 Hz, slow-3: 0.073–0.198 Hz, slow-2:
0.198–0.25 Hz) (Buzsáki and Draguhn, 2004; Di Martino et al., 2008a;
Penttonen, 2003). For each of these subdivisions, we repeated our
primary analyses and compared the spatial distribution and test–
retest reliability of the signals observed.

Amplitude measures of oscillatory fMRI waves

Aspreviously reported (Biswal et al. , 1995, 1997; Cordes et al., 2001;
Jezzard et al., 1993; Yan et al., 2009), LFO amplitudes were consistently
greater in gray matter than in white matter. Specifically, across
participants, paired t-tests (one for each scan) showed that mean
ALFF observed for voxels located within gray matter was consistently
greater than mean ALFF for voxels within white matter (scan 1:
pb1×10−21; scan 2: pb1×10−22; scan 3: pb1×10−22; see Fig. 1C and
Figure S1). Similarly, mean fALFF for voxels within gray matter was
consistently greater across participants thanmeasures obtained within
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white matter (scan 1: pb1×10−12; scan 2: pb1×10−11; scan 3:
pb1×10−11; see Fig. 2C and Figure S1). Together, these findings
reaffirmearlier results that LFO amplitudes aremarkedly greater in gray
matter than white matter.

ALFF and fALFF exhibit highly similar distributions among gray
matter regions, particularly within the cortex (see Fig. 2A and B).
Areas of maximal significance for both ALFF and fALFF measures
included visual cortex, posterior cingulate cortex/precuneus, thala-
mus, medial prefrontal cortex, anterior cingulate cortex, temporal
gyrus and lateral frontal cortex (see Table S1 for complete listing of
peak activations). As indicated by Kendall's coefficient of concordance
(Legendre, 2005), the group statistical maps for the two measures
(ALFF and fALFF) are highly similar, but not entirely concordant
(W=0.9005).

Accordingly, in order to identify areas of difference between the
twomeasures, we compared Z-scores for ALFF and fALFF at each voxel
using paired t-tests across participants. Consistent with a prior report
by Zou et al. (2008), ALFF was markedly greater than fALFF near large
blood vessels, and in areas adjacent to CSF (particularly in the
brainstem), which are susceptible to the effects of pulsatile motion
(Fig. 3A ZN2.3, pb0.05, cluster-level corrected). These differences
between ALFF and fALFF suggest that in perivascular and periven-
tricular areas, LFO are more likely to reflect vascular pulsatility (e.g.,
aliasing of cardiac signal, Meyer waves) rather than neuronal
fluctuations (Dagli et al., 1999; Julien, 2006).

In further characterizing voxels exhibiting significantly greater
ALFF than fALFF, we noted that 76.5%were locatedwithin graymatter,
3.4% in white matter and 20.1% in neither compartment (i.e., blood
vessels and CSF). The gray matter voxels exhibiting significantly
greater ALFF than fALFF accounted for 15.3% of total brain graymatter.
Fig. 2. Amplitude of spontaneous low frequency oscillations in the resting brain. (A) Grou
fluctuations (ALFF) across the whole brain. A one-sample statistical test was carried out co
participants: see Methods for details). Cluster-level multiple comparisons correction was per
Z-statistic maps showing significantly detectable fractional ALFF (fALFF) across the whole br
wise fALFF were greater for gray matter (GM) than white matter (WM) across participants
Of note, among voxels exhibiting greater ALFF compared to fALFF,
those within gray matter still exhibited higher fALFF levels than the
voxels not located in gray matter (Fig. 3C). Thus, despite increased
noise in perivascular and periventricular regions, gray matter is
characterized by greater LFO amplitude, relative to white matter.

Beyond gross distinctions in LFO amplitude measures among gray
and white matter, we also tested for amplitude differences among
anatomical regions. We did so by rank-ordering brain regions based
upon ALFF and fALFF. Specifically, we divided the brain into 110
anatomical units (55 in each hemisphere) based on the Harvard-
Oxford Atlas (50% threshold criteria were employed, see Table 1 for a
list of all parcellation units and their abbreviations) (Kennedy et al.,
1998; Makris et al., 1999). For each participant, ALFF and fALFF
measures were calculated for each region by averaging ALFF and fALFF
Z-scores within the region. Since each participant had three scans,
ALFF and fALFF measures were obtained for each scan separately, and
then averaged across scans. For both ALFF and fALFF, we tested for the
presence of a significant ordering of anatomical regions with respect
to the corresponding amplitude measure (the Friedman test denotes
whether the within-subject rankings of a measure differ systemati-
cally between subjects). Significant orderings were observed for both
measures (ALFF in left hemisphere: χ54

2 =100.72, p=1.0×10−4;
ALFF in right hemisphere: χ54

2 = 122.33, p=3.25×10−7; fALFF in left
hemisphere: χ54

2 =104. 82, p=4.18×10−5; fALFF in right hemi-
sphere: χ54

2 =110.47, p=9.29×10−6) with visual and posteromedial
cortices (precuneus, posterior cingulate) being among the highest
ranked for both measures (see Fig. 4 and Figure S2). Of note, some
regions differed markedly in their relative rankings for ALFF and
fALFF. Consistent with our voxel-based analyses, portions of the
temporal lobe and subcortical regions (e.g., pallidum and brainstem,
p-level Z-statistic maps showing significantly detectable amplitude of low frequency
mbining a fixed-effects model (within participant) with a mixed-effects model (across
formed using Gaussian random field theory (ZN2.3; pb0.05, corrected). (B) Group-level
ain. The statistical test is the same as in (A). (C) Mean voxel-wise ALFF and mean voxel-
. LH=left hemisphere; RH=right hemisphere.



Fig. 3. Brain areas with higher amplitude of low frequency fluctuations (ALFF) than fractional ALFF (fALFF). (A) Group-level Z-statistic maps showing regions with significantly
higher standardized ALFF than fALFF. Using standardized ALFF and fALFF (i.e., Z-scores), a paired two-sample statistical test was carried out (see Methods). Cluster-level multiple
comparisons correction was performed using Gaussian random field theory (ZN2.3; pb0.05, corrected). (B) The scatter plot shows averaged ALFF and fALFF Z-score for all voxels
within a mask selected to comprise the regions exhibiting higher ALFF than fALFF Z-scores in (A). (C) The scatter plot shows the mean ALFF and fALFF Z-score within gray matter
(GM), white matter (WM) and other (CSF, vasculature) constrained with the mask depicted in (B). The generation of these three ROIs within the mask depicted in B (GM, WM and
other) is detailed in the Methods section. LH=left hemisphere; RH=right hemisphere.
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see Table 1) most likely to be affected by vascular and pulsatile effects
exhibited marked differences between their ALFF and fALFF rankings
(i.e., ALFF NN fALFF).

Test–retest reliability of amplitude measures on oscillatory fMRI waves

In order to assess the test–retest reliability of LFO amplitude
measures, we calculated the voxel-wise intra- and inter-session ICC
for both ALFF and fALFF (Fig. 5A). Voxels within gray matter generally
exhibited moderate to high test–retest reliability, while those within
white matter were characterized by low test–retest reliability (see
Fig. 5B). For both ALFF and fALFF, areas of maximal ICC (intra- and
inter-session) were located within anterior cingulate cortex, posterior
cingulate cortex, medial prefrontal cortex, thalamus, inferior parietal
lobule, superior temporal gyrus, inferior frontal gyrus, middle frontal
gyrus and superior frontal gyrus (see Table S2 for a detailed maximal
ICC listing).

While both measures (ALFF and fALFF) exhibitedmoderate to high
test–retest reliability within gray matter regions, reliability for ALFF
tended to be higher than for fALFF. At least in part, this difference can
be explained by the fact that fALFF is a proportional measure (Arndt
et al., 1991). This finding suggests that ALFF is more reliable than
fALFF in gray matter regions, and thus potentially more sensitive for
discerning differences between individuals and groups.

Finally, we examined whether or not regional differences in LFO
amplitude measures (ALFF and fALFF) are consistent across intra- and
inter-session scans. In order to accomplish this, we examined the
Pearson correlation of LFO amplitude rank orderings for all parcella-
tion units between the intra- and inter-session scans. Within and
between sessions, we found highly consistent rank orderings of ALFF
and fALFF for the 110 brain regions examined both at the group level
(Fig. 6A) and at the individual level (Fig. 6B). Supplementary results
provide further verification of the consistency of these regional
findings, as they were reliable across two different scanner sites with
distinct sets of participants (see Supplementary Text “Verification of
Ranking Orders of Parcellation-Based LFO Amplitudes”). Further,
supplementary analyses suggest that vascular effects alone do not
appear to produce these regional differences, highlighting potential
neural contributions (see Figure S3).

Oscillatory fMRI waves in different frequency bands

Penttonen and Buzsáki observed that neuronal oscillations are
distributed linearly on the natural logarithmic scale (Buzsáki and
Draguhn, 2004; Penttonen, 2003). We applied Buzsáki's nomencla-
ture by implementing an approach previously used to subdivide the
frequency spectrum (Di Martino et al., 2008a). Accordingly, we
reanalyzed our data using the following divisions: slow-5 (0.01–
0.027 Hz), slow-4 (0.027–0.073 Hz), slow-3 (0.073–0.198 Hz) and
slow-2 (0.198–0.25 Hz; note: the upper boundwas constrained by the
repetition time of the BOLD acquisition). Voxel-wise ALFF and fALFF
maps for each of the four low-frequency bands are presented in Figure
S4. For both ALFF and fALFF measures, significant slow-4 and slow-5
oscillations were primarily detected within gray matter. In contrast,
slow-3 and slow-2 oscillations were primarily restricted to white
matter (Fig. 7 and S4). This distinction of slows 2/3 vs. slows 4/5 is
especially noteworthy given prior demonstrations that respiratory
and aliased cardiac signals fall in the range of slows 2–3 (Cordes et al.,
2001), while the oscillatory signals upon which resting state
functional connectivity is based are primarily located within slows
4–5 (De Luca et al., 2006; Salvador et al., 2008). In order to summarize
differences in the distribution of fALFF among each of the four
frequency bands as well as the classic (b0.1 Hz) low frequency band,
we computed and visualized the percentage of significantly detectable
voxels within each of the 110 anatomical parcellation units previously
described (Figure S5). This analysis was limited to fALFF since ALFF is
more likely to include artifacts that disproportionately impact
subcortical and periventricular regions.

Focusing on slows 4 and 5, which were both broadly distributed
through gray matter, voxel-wise paired comparisons of slow-4 and



Fig. 4. Parcellation-based amplitude of low frequency fluctuations (ALFF) and fractional ALFF (fALFF) and their ranking orders. The figure depicts Tukey box-and-whiskers plots
showing the distribution of (A) right hemispheric ALFF Z-scores and ranked ALFF Z-scores and of (B) right hemispheric fALFF Z-scores and ranked fALFF Z-scores for all 55
parcellation regions across participants (circle with center black point=median; blue box=interquartile range; blue whiskers=1.5 times the interquartile range; red
crosses=individual values lying outside 1.5 times the interquartile range). All abbreviations for parcellation region names are listed in Table 1.
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Fig. 5. Test–retest reliability maps on standardized amplitude of low frequency fluctuations (ALFF) and fractional ALFF (fALFF). (A) This figure depicts the voxel-wise ICC maps
showing the intra- and inter-session (left and right column, respectively) test–retest reliability for each of the two LFO amplitude measures examined in this study: ALFF and fALFF
(top and bottom row, respectively). Only the regions with high reliability (ICCN0.5) are shown. As evident by inspection of these ICCmaps ALFF has greater reliability than fALFF. (B)
The graphs indicate the percentage of gray matter (GM) and white matter (WM) voxels above each ICC threshold ranging from 0 to 0.85 for ALFF and fALFF (top and bottom graph,
respectively). LH=left hemisphere; RH=right hemisphere.
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slow-5 revealed some noteworthy differences. Compared to slow-5,
slow-4 fALFF was higher throughout the basal ganglia, thalamus and
several sensorimotor regions and was lower within ventromedial
regions (Fig. 8).

Finally, we examined the test–retest reliability of slow-5 and slow-
4. Specifically, we calculated the voxel-wise intra- and inter-session
ICC for both ALFF and fALFF in these two slow bands. Figure S6
presents the sphere maps of test–retest reliability showing voxels
with significantly detectable LFO amplitudes and high test–retest
reliability (i.e., ICC ≥ 0.5). On visual inspection, slow-4 demonstrates
greater and more widely distributed intra-session ICC values than
slow-5. Moreover, to provide a more comprehensive examination of
the spatial distribution of ICC values for both slow bands, we used
distinct ICC thresholds for slow-5 and slow-4 and then computed the
percentage of reliable voxels within gray matter. The results indicate
that for both ALFF and fALFF, slow-4 has higher test–retest reliability
andmorewidespread spatial distribution of reliable voxels than slow-
5 (see Figure S7).

We considered the possibility that our differential findings for the
four slow bands may have reflected differences in the number of
samples in the power spectrum for each of the frequency bands,
rather than their specific spectral properties. Accordingly, we
reanalyzed our data using the same number of samples in each
band (centered around each band's middle frequency). A highly
consistent pattern of findings was obtained, mitigating concern about
this possible confound.

Discussion

Several observations emerged from this examination of sponta-
neous LFO in the human brain at rest. Beyond confirming prior
demonstrations of higher LFO amplitude within gray matter (Biswal
et al., 1995; Cordes et al., 2001), we found that ALFF measures in the
brain are more susceptible to gross pulsatile effects, and that these are
attenuated in fALFF. Despite these differences in sensitivity to
artifacts, both ALFF and fALFF exhibit regional differences within the
brain, with the largest amplitudes found along the midline and in
visual cortices. We also found that both ALFF and fALFF exhibit
moderate to high intra- and inter-session test–retest reliability
throughout the brain, though primarily in gray matter. Furthermore,
we found that rankings of regional differences in LFO amplitude
measures are strikingly consistent, showing little variability within or
across sessions. Supplementary analyses conducted on an indepen-
dent dataset suggest that these regional differences generalize to
other scanners and are not simply attributable to vascular effects.
Finally, our analyses of four previously characterized subdivisions of
the power spectrum suggest that (1) gray matter related oscillations
primarily occur in the slow-4 and slow-5 range (0.01–0.073 Hz), (2)
slow-4 fluctuations are more robust in basal ganglia than slow-5,
while slow-5 is more dominant within ventromedial prefrontal
cortices than slow-4, and (3) although robust for both, test–retest
reliability was greater andmorewidely distributed for slow-4 than for
slow-5.

In considering the areas exhibiting maximal LFO amplitudes, we
note that many are components of what has come to be known as the
“default-mode” network. Characterized by greater metabolic and
neural activity during rest than active task performance, activity
within this medial wall-based network has been proposed to reflect a
physiological baseline for the brain (Gusnard and Raichle, 2001;
Raichle, 2009; Raichle et al., 2001; Raichle and Mintun, 2006). Our
finding of greater reliability in these medial wall structures is
consistent with the conclusion that these regions represent the
functional core underlying resting brain dynamics, a notion recently
supported by a computational model of the resting brain and network
analyses combining functional and structural measures (Ghosh et al.,
2008; Hagmann et al., 2008; Honey et al., 2009). These same regions



Fig. 6. Reliable rank ordering for anatomical parcellation. Given that each participant had three scans, standardized amplitude of low frequency fluctuations (ALFF) and fractional
ALFF (fALFF) measures (i.e., Z-scores) were obtained for each parcellation region separately for each scan. The parcellation regions were then ranked based upon their standardized
ALFF and fALFF. For each scan, the mean rank for a parcellation region was obtained by averaging all individual ranks for the region. (A) The reliability of mean ranks. (B) The
reliability of subject-level ranks. Overall these panels illustrate the consistency of ALFF- and fALFF-based rank orderings for the parcellation regions over the short- and long-term
(intra-session and inter-session, respectively).
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show marked reductions in LFO amplitudes during task performance,
suggesting a discernible redistribution of resources associated with
attentional and cognitive demands (Duff et al., 2008; Fransson, 2006).
Ongoing work will examine the impact of attentional states and
cognitive demands on LFO.

Origins and potential significance of spontaneous low-frequency
fluctuations

Despite the increasing popularity of studies of spontaneous
fluctuations in the BOLD signal, the origins and functional significance
of LFO remain unclear (Bianciardi et al., 2009; Buckner and Vincent,
2007). The spectral coincidence between BOLD signal LFO and
fluctuations of systemic vascular phenomena (Shmueli et al., 2007),
such as Mayer waves (Julien, 2006), has led to the suggestion that
BOLD LFO reflect cardiovascular or respiratory fluctuations (Birn et al.,
2006; Birn et al., 2008; Chang et al., 2009; Shmueli et al., 2007; van
Buuren et al., 2009). However, a recent application of near-infrared
optical topography approaches capable of distinguishing cerebral
pulsations from cardiovascular phenomena suggests that cerebral LFO
are at least partially independent of cardiovascular fluctuations
(Yamazaki et al., 2007). Some authors have suggested that sponta-
neous low-frequency fluctuations in the BOLD signal may be the
byproduct of low-pass filtering via neurovascular coupling, rather
than reflecting low-frequency fluctuations present in neural activity.
However, a recent study of visual stimulation found that such filtering
is insufficient to explain BOLD LFO phenomena (Anderson, 2008).

In considering the major candidates capable of producing low-
frequency phenomena, increasing evidence is mounting for neural
activity as the primary contributor (Balduzzi et al., 2008). First, the
dominance of LFO in gray matter compared to white matter, together
with studies of fMRI dynamics showing greater persistence or long-
memory in gray matter regions (Suckling et al., 2008; Wink et al.,
2008), suggest a possible link to neuronal processes. Our findings of
greater test–retest reliability for LFO amplitudes in gray matter
provide further support for such a link. Moreover, our supplementary
analyses, showing preservation of regional rank ordering of ALFF and
fALFF measures during breath-holding, a condition that markedly
disrupts vascular dynamics, further support the contributions of
neural processes.

Potentially the most intriguing are recent studies directly linking
BOLD oscillations to those observed in EEG. For example, by recording
full-bands and resting-state BOLD signals simultaneously, He et al.
(2008) directly related BOLD LFO to infra-slow fluctuations (b0.1 Hz)
observed in neuronal activity. Although long considered as noise in
the EEG literature, meaningful infra-slow fluctuations are increasingly
being appreciated in EEG studies of humans (Monto et al., 2008), as
well as monkeys (Leopold et al., 2003) and rats (Chen et al., 2009).
Similarly, recent work has demonstrated low-frequency amplitude
modulation of various higher frequency signals (i.e., delta, alpha, beta,
gamma) (Lu et al., 2007; Mantini et al., 2007).

In considering the potential significance of low-frequency neural
fluctuations, several authors have drawn attention to variations in
cortical excitability and in cognitive performance (Fox et al., 2007;
Monto et al., 2008). Fox et al. (2007) found a significant relationship
between resting state brain activity and the spontaneous trial-to-trial
variability of button press force in somatomotor cortex. More recently,
the phase of EEG LFO has been linked to the slow fluctuations in
human psychophysical performance during a somatosensory detec-
tion task (Monto et al., 2008). In a behavioral study, the response time



Fig. 7. Tissue distribution of amplitude of low frequency fluctuations (ALFF) and fractional ALFF (fALFF) for different frequency bands. For each amplitude measures (i.e., ALFF and
fALFF), the percentage of voxels within a tissue-type: gray matter (GM), white matter (WM), and others and the percentage of voxel with the significant amplitude measure were
calculated for four frequency bands defined as follows: Slow-5 (0.01–0.027 Hz), Slow-4 (0.027–0.073 Hz), Slow-3 (0.073–0.198 Hz), Slow-2 (0.198–0.25 Hz).

Fig. 8. Spatial regions with higher fractional amplitude of low frequency fluctuations
(fALFF): Slow-4 versus Slow-5. Color maps depict voxels exhibiting significant
differences in fALFF obtained for the slow-4 and slow-5 bands, as detected by paired
two-sample statistical test carried out using a mixed-effect. Cluster-level multiple
comparisons correction was performed using Gaussian random field theory (ZN2.3;
pb0.05, corrected). As illustrated, compared to Slow-5, Slow-4 fALFF measures were
significantly greater in the basal ganglia and significantly lower in the medial prefrontal
cortex.
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fluctuations of children with ADHD exhibited significantly greater
power within the slow-4 range (Di Martino et al., 2008a). We note
that we found slow-4 LFO to be particularly prominent in the basal
ganglia — a key putative site of dysfunction in ADHD (Bush et al.,
2005; Castellanos and Tannock, 2002). Intriguingly, similar oscilla-
tions (∼0.028 Hz) evident in basal ganglia neuronal recordings from
awake, locally anesthetized rats, are selectively modulated by low
doses of dopaminergic drugs such as those used to treat ADHD
(Ruskin et al., 1999a,b, 2001). Thus, our findings add to the increasing
body of evidence that slow-4 neuronal fluctuations characterize basal
ganglia spontaneous intrinsic activity (Hutchison et al., 2004).

Test–retest reliability of LFO amplitude measures

While prior work has suggested that LFO amplitudes may be
affected by a variety of factors (Biswal et al., 1997; Fransson, 2006;
Kiviniemi et al., 2000, 2005; McAvoy et al., 2008; Suckling et al., 2008;
Yang et al., 2007), our findings suggest that inter-individual differ-
ences in LFO amplitudes are relatively stable. Both ALFF and fALFF
exhibited encouraging test–retest reliabilities. First, the LFO amplitude
measures derived from graymatter were markedly more reliable than
those derived from white matter. That gray matter exhibits higher-
amplitude LFO and higher test–retest reliability, relative to white
matter, is consistent with the idea that BOLD LFO reflects meaningful
neuronal activity, which is absent from white matter. Second, the
parcellation-based reliability analyses demonstrated a highly consis-
tent and reliable rank ordering of LFO amplitudes across the brain. The
robustness of these findings, both across subjects and scanners,
indicate a potential area of interest for future studies of the functional
architecture in brain, as well as the possible impact of developmental
and pathological processes (Greicius et al., 2009; Honey et al., 2009;
van den Heuvel et al., 2009).



Table 1
Mean ALFF and fALFF Z-scores and ranking across scans and participants for parcellation regions.

Parcellation regions ALFF: RH ALFF: LH fALFF: RH fALFF: LH

Full name Abbreviation Z R Z R Z R Z R

Cuneal cortex CN 1.450 55 1.465 55 1.381 55 1.377 55
Precuneus cortex PCN 0.929 54 1.093 54 1.013 54 1.152 54
Planum temporale PT 0.601 53 0.332 43 0.705 51 0.296 35
Planum polare PP 0.590 52 0.494 50 −0.344 5 −0.448 3
Lingual gyrus LG 0.531 51 0.627 53 0.595 49 0.644 51
Cingulate gyrus, anterior division CGa 0.508 50 0.518 51 0.528 44 0.539 46
Cingulate gyrus, posterior division CGp 0.495 49 0.548 52 0.790 53 0.840 53
Occipital pole OP 0.495 48 0.315 42 0.744 52 0.559 48
Supplementary motox cortex SMC 0.477 47 0.427 47 0.574 48 0.545 47
Frontal medial cortex FMC 0.467 46 0.478 49 0.214 32 0.334 41
Intracalcarine cortex CALC 0.453 45 0.458 48 0.695 50 0.695 52
Superior frontal gyrus F1 0.406 44 0.357 44 −0.055 19 0.005 21
Paracingulate gyrus PAC 0.398 43 0.374 45 0.473 43 0.475 45
Lateral occipital cortex, superior division OLs 0.389 42 0.424 46 0.568 47 0.613 50
Frontal pole FP 0.352 41 0.288 40 0.193 30 0.187 31
Heschl’s gyrus H 0.312 40 0.257 37 0.270 35 0.227 32
Angular gyrus AG 0.305 39 0.293 41 0.564 46 0.604 49
Temporal pole TP 0.262 38 0.104 33 −0.245 13 −0.371 8
Supramarginal gyrus, posterior division SGp 0.243 37 0.093 30 0.546 45 0.416 43
Superior temporal gyrus, anterior division T1a 0.235 36 −0.076 16 0.244 34 0.018 23
Thalamus Thal 0.229 35 0.186 36 −0.509 2 0.154 30
Superior parietal lobule SPL 0.181 34 0.286 39 0.196 31 0.298 36
Accumbens Accbns 0.164 33 0.031 25 0.444 42 0.321 40
Middle temporal gyrus, temporooccipital part TO2 0.163 32 0.143 35 0.411 41 0.403 42
Caudate Caud 0.160 31 −0.184 12 0.101 26 −0.093 18
Supramarginal gyrus, anterior division SGa 0.158 30 0.098 31 0.396 40 0.422 44
Inferior frontal gyrus, pars opercularis F3o 0.124 29 0.113 34 0.235 33 0.244 33
Inferior temporal gyrus, temporooccipital part TO3 0.121 28 0.102 32 0.374 39 0.304 38
Precentral gyrus PRG 0.107 27 0.025 22 0.150 29 0.147 28
Middle frontal gyrus F2 0.102 26 −0.055 17 0.133 27 0.060 25
Middle temporal gyrus, posterior division T2p 0.082 25 0.026 23 0.276 36 0.259 34
Occipital fusiform gyrus OF 0.050 24 0.062 28 0.347 38 0.319 39
Insular cortex INS 0.047 23 −0.020 19 0.037 24 −0.050 20
Parahippocampal gyrus, anterior division PHa 0.033 22 −0.081 15 −0.466 3 −0.447 4
Amygdala Amy 0.008 21 −0.023 18 −0.263 11 −0.170 15
Postcentral gyrus POG 0.004 20 −0.011 20 0.134 28 0.154 29
Lateral occiptal cortex, inferior division OLi −0.005 19 0.034 26 0.286 37 0.299 37
Inferior frontal gyrus, pars triangularis F3t −0.005 18 0.048 27 0.013 23 0.099 26
Subcallosal cortex SC −0.014 17 0.077 29 −0.329 7 −0.389 7
Parahippocampal gyrus, posterior division PHp −0.068 16 −0.097 14 −0.305 8 −0.309 11
Temporal occipital fusiform cortex TOF −0.071 15 −0.137 13 −0.009 20 0.033 24
Superior temporal gyrus, posterior division T1p −0.078 14 −0.011 21 0.050 25 0.113 27
Frontal orbital cortex FOC −0.098 13 0.031 24 −0.166 15 −0.141 17
Putamen Put −0.147 12 −0.343 8 −0.008 21 0.011 22
Inferior temporal gyrus, anterior division T3a −0.206 11 −0.395 4 −0.270 10 −0.423 6
Hippocampus Hip −0.209 10 −0.194 11 −0.303 9 −0.273 12
Frontal Opercular cortex FO −0.217 9 −0.268 10 −0.192 14 −0.325 10
Central opercular cortex CO −0.245 8 −0.370 7 −0.067 18 −0.153 16
Middle temporal gyrus, anterior division T2a −0.254 7 −0.411 3 −0.110 17 −0.199 14
Temporal fusiform cortex, anterior division TFa −0.336 6 −0.370 6 −0.519 1 −0.557 1
Pallidum Pall −0.336 5 −0.495 1 −0.001 22 −0.233 13
Temporal fusiform cortex, posterior division TFp −0.339 4 −0.372 5 −0.429 4 −0.370 9
Inferior temporal gyrus, posterior division T3p −0.385 3 −0.455 2 −0.338 6 −0.446 5
Parietal operculum cortex PO −0.406 2 −0.326 9 −0.142 16 −0.055 19
Brainstem Bst −0.496 1 0.260 38 −0.253 12 −0.503 2

LH=left hemisphere; RH=right hemisphere; Z=Z-score; R=ranking.
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In recent years, a burgeoning literature has emerged examining
the resting brain in clinical populations (Broyd et al., 2009; Greicius,
2008). With a few exceptions, amplitude measures have received
relatively little attention. Instead, most studies have examined the
impact of psychiatric and neurological illness on the spatial
distribution of correlated low-frequency fluctuations, commonly
referred to as functional connectivity. The present work suggests
that analyses of LFO amplitudes may represent an additional
potentially reliable and robust marker of inter-individual and group
differences, with the advantage of being easily amenable to full-brain
exploration. Fortunately, no new data collection is required to explore
this possibility.
Despite the various forms of support for ALFF and fALFF measures
provided by the present work, some noteworthy cautions emerge.
Most notably, ALFF measures are more susceptible to possible
artifactual findings in the vicinity of blood vessels and the cerebral
ventricles, presumably reflecting pulsatile effects. The greater specific-
ity of fALFF for gray matter appears to favor its use over that of ALFF.
However, there is a cost, since ALFF has somewhat higher test–retest
reliability in gray matter regions — not surprising given that fALFF is a
ratio measure and thus intrinsically less reliable (Arndt et al., 1991). In
the end, it is probably most advisable to report findings with both
measures, taking into account their respective limitations, until a larger
literature with these measures emerges to further guide selection.
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Limitations and future directions

The present work has several potential limitations worth
considering. Most notable is the lack of simultaneous measurement
of cardiac and respiratory processes during the resting scan, as
multiple studies using 3.0 and 7.0 T magnet strengths have drawn
attention to the potential of physiological processes to contribute
artifactual signals in the low-frequency range (Bianciardi et al., 2009;
Birn et al., 2006; Chang et al., 2009; van Buuren et al., 2009; Yan et al.,
2009). However, several points mitigate this concern. First, the
impact of cardiac and respiratory-related processes on LFO phenom-
ena within gray matter appears to be relatively small. Correction
methods such as RETROICOR typically adjust the measures of LFO
amplitudes by less than 5% in gray matter (Petridou et al., 2009).
Second, our work demonstrated robust test–retest reliability
throughout the entire brain, not simply regions that were previously
reported to be influenced by respiratory or cardiac signals (Birn et al.,
2006). Finally, our supplementary analyses show that the regional
differences we demonstrated in ALFF were not markedly affected by
breath-holding — a process that robustly manipulates the vascular
contributions to the BOLD signal. In order to minimize artifactual
contributions of respiratory and cardiac signals to LFO amplitude
measures, our findings suggested that fALFF is generally more
effective, particularly in perivascular, periventricular and periaque-
ductal regions (see Fig. 3).

Also worth noting is the choice to use the periodogram for power
spectral density (PSD) to calculate LFO amplitudes and their
reliability, consistent with prior work (Zang et al., 2007; Zou et al.,
2008). Despite its ease of use and computation, the periodogram
method is subject to sampling error or variability (Warner, 1998),
which may negatively affect the estimation of test–retest reliability.
Furthermore, it is insensitive to non-stationary characteristics of LFO
appreciated by previous work (Bullmore et al., 2004; Maxim et al.,
2005; Wink et al., 2008). In the future, it may be helpful to employ
more robust methods of power spectra estimation (e.g., the Welch
method, multi-tapers method or wavelet-based methods) (van Vugt
et al., 2007). Another important factor for estimating the PSD is the
repetition time (TR) used during fMRI scanning. In order to attain
whole brain coverage, we used a TR=2 s for our resting state fMRI
scans. A faster TR can reduce frequency leakage and improve PSD
resolution (Uitert, 1978), though at the cost of whole brain coverage
and/or spatial resolution. Of note, previous studies comparing PSD
results with slower (2 s) and faster TR's (e.g., 0.25–0.4 s) noted highly
similar patterns of results in the low-frequency range, arguing in favor
of slower repetition rates to increase spatial resolution and/or
coverage (Biswal et al., 1995; De Luca et al., 2006; Yang et al., 2007).

Concluding remarks

The current work represents the systematic and quantitative
evaluation of the amplitude, spatial distribution and test–retest
reliability of spontaneous LFO within the broad low-frequency
range, and within four narrowly defined slow frequency bands. We
observed differential spatial distribution of these LFO amplitudes
within the resting brain, such that higher amplitude LFO were
observed in gray matter, relative to white matter, and were
particularly prominent along the midline of the brain. Detailed
examination of individual low frequency bands showed distinct
spatial profiles. In particular, LFO amplitudes in the slow-4 (0.027–
0.073 Hz) band were most robust in the basal ganglia, as previously
suggested by spontaneous electrophysiological recordings in the
awake rat (Ruskin et al., 2001). Furthermore, we found that reliability
ranged from minimal to robust. Our results provide a foundation for
continued examination of LFO amplitude in typical and atypical
populations. Our findings also shed further light on the potential
neurophysiological significance of LFO.
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