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Abstract
To investigate whether individuals’ ongoing neuronal activity at resting state can affect their
response to brain stimulation, fMRI BOLD signals were imaged from the human visual cortex of
fifteen healthy subjects in the absence and presence of visual stimulation. It was found that the
temporal correlation strength but not amplitude of baseline BOLD signal fluctuations acquired
under the eyes-fixed condition is positively correlated with the amplitude of stimulus-evoked
BOLD responses across subjects. Moreover, the spatiotemporal correlations of baseline BOLD
signals imply a coherent network covering the visual system, which is topographically
indistinguishable from the “resting-state visual network” observed under the eyes-closed
condition. The overall findings suggest that the synchronization of ongoing brain activity plays an
important role in determining stimulus-evoked brain activity even at an early stage of the sensory
system. The tight relationship between baseline BOLD correlation and stimulus-evoked BOLD
amplitude provides an essential basis for understanding and interpreting the large inter-subject
BOLD variability commonly observed in numerous fMRI studies and potentially for improving
group fMRI analysis. This study highlights the importance to integrate the information from both
resting-state coherent networks and task-evoked neural responses for a better understanding of
how the brain functions.
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Introduction
In the past two decades, the functional magnetic resonance imaging (fMRI) technique based
on the blood oxygenation level dependent (BOLD) contrast (Bandettini et al., 1992; Kwong
et al., 1992; Ogawa et al., 1990; Ogawa et al., 1992) has been widely applied to noninvasive
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imaging of brain activity in numerous neuroscience and psychology studies. However, a
major challenge in fMRI application is the large variability in the magnitude, shape, and
location of stimulus-evoked BOLD responses commonly observed within or between
subjects (White et al., 2001). Such large intra- and inter-subject variations make one difficult
to quantify fMRI data and interpret outcomes, and usually demand a large sample size for
reaching a statistical significance level, particularly for comparative studies.

Many factors have been suggested to account for the large variability of stimulus-evoked
BOLD responses, and most of them are from non-neural sources, such as the hematocrit
level (Gustard et al., 2003), venous blood oxygenation level (Lu et al., 2008), vasculature
(D'Esposito et al., 2003), and motion artifacts (Lund et al., 2005). This is probably because
the fMRI BOLD contrast is mainly based on hemodynamic responses to brain activity
changes (Ogawa et al., 1998). Nevertheless, possible contributions from neural-related
factors should not be neglected. Previous electrophysiology studies have demonstrated that
ongoing brain activity prior to brain stimulation may have a significant influence on
stimulus-evoked brain responses (Arieli et al., 1996; Makeig et al., 2002). Therefore, the
variability of ongoing brain activity could be another factor possibly relating to the
variability of stimulus-evoked brain responses, including those measured with fMRI BOLD
signal.

A number of recent fMRI studies have shown that baseline BOLD signals acquired in the
resting state fluctuate slowly and coherently within a variety of anatomically connected and
functionally specific brain networks (Biswal et al., 1995; Fox and Raichle, 2007). It has
been suggested that such baseline BOLD fluctuations could result from ongoing brain
activity and their spatiotemporalcorrelations reflect functional connectivity between
different brain regions (Biswal et al., 1995; Fox and Raichle, 2007). Moreover, several fMRI
studies have demonstrated that ongoing brain activity, reflected by pre-stimulus baseline
BOLD signals, can influence behavioral responses of human subjects to external stimuli
(Boly et al., 2007; Fox et al., 2007; Hesselmann et al., 2008a; Hesselmann et al., 2008b;
Sapir et al., 2005). These interesting findings not only suggest an interaction between the
ongoing brain activity and evoked brain responses at a behavioral level, but also
demonstrate the feasibility of measuring ongoing brain activity noninvasively using the
BOLD-based fMRI technique. It would be essential to examine and quantify the relationship
between ongoing and evoked brain activities, if it exists, at a more mechanistic level.

The purpose of this study is to quantitatively investigate the interaction between ongoing
and evoked brain activity, and more specifically to examine the relationship between
baseline BOLD signal fluctuation and stimulus-evoked BOLD response in the human visual
cortex using fMRI. Our working hypothesis is that individuals’ baseline BOLD fluctuation
could influence the amplitude of their evoked BOLD responses to identical brain stimulation
and their relationship is one of the major factors responsible for the large inter-subject
variability in the stimulus-evoked BOLD amplitudes. To test this hypothesis, BOLD signals
were imaged from the human visual cortex according to a two-stage paradigm design (see
Fig. 1A). The temporal correlation strength and fluctuation magnitude of baseline BOLD
signals acquired during the control stage (i.e., the eyes-fixed condition in the absence of
visual stimulation) were used to quantify ongoing brain activity, while the amplitude of
evoked BOLD responses acquired during the block-design stage (i.e., the stimulus was
presented according to the conventional block-design paradigm) was used to quantify
evoked brain activity. Their relationships were then examined through a regression analysis
to test the hypothesis. In addition, the baseline BOLD signals were also imaged under the
eyes-closed condition for a subgroup of subjects and compared with those acquired under
the eyes-fixed condition.

Liu et al. Page 2

Neuroimage. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and Methods
Participants

Sixteen volunteers (6 males and 10 females; age: 28 ± 13 years) participated in this study
with written informed consent proved by the Institutional Review Board of the University of
Minnesota. All of them were healthy without histories of neurological or psychiatric
diseases. One subject was excluded from the final data analysis because of large head
motion during MRI data acquisition; therefore the results from fifteen subjects were
summarized and presented herein.

Stimuli and Experimental Paradigm
A full-screen (30° × 23° visual angle) red-black checkerboard (spatial frequency 1.5° per
cycle) visual stimulus flashing at 8 Hz, with a small white cross in the screen center for eyes
fixation, was used to activate visual cortices. The stimulus was back-projected onto a screen
at a viewing distance of ~ 35 cm. A control image with only the small white cross on a black
and uniform background was used for eyes fixation when the visual stimulus was off.

Each standard fMRI run consists of 300 image volumes with a total of 330 seconds of
acquisition time. During each run, the visual stimulus was presented to volunteers
interleaved with the control image (a white cross on a black background) according to the
experimental paradigm shown in Fig. 1A: a long control block (150 fMRI volumes, 165
seconds) followed by six short blocks (25 volumes, 27.5 seconds each) switching between
stimulus and control conditions. The first 150 and last 175 image volumes (25 overlapped
volumes between them) were regarded as the control (Fig. 1A, red shadow) and block-design
(Fig. 1A, green shadow) stages, respectively; while the 160~175th, 210~225th, and
260~275th image volumes were assigned to the stimulus-evoked BOLD plateau stage (Fig.
1A, blue shadow).

For a subgroup of five subjects, besides the standard fMRI runs, two additional fMRI runs
were also acquired under the eyes-closed condition, during which the subjects were
instructed to close their eyes and refrain from cognitive, language, and motor tasks as much
as possible, but not to fall asleep. Each eyes-closed fMRI run consisted of 150 image
volumes.

MRI Data Acquisition
All MRI experiments were performed on a 4 Tesla 90 cm bore human magnet (Oxford, UK)
interfaced with the Varian INOVA console (Varian Inc., Palo Alto, CA). A single-loop
radiofrequency (RF) surface coil (10 cm in diameter) was applied to detect brain MRI
signals mainly from the occipital and parietal lobes and cerebrum for achieving high
detection sensitivity.

At the beginning of each experiment, the T1-weighted TurboFLASH MRI method (Haase,
1990) was used to acquire a set of anatomical images in transversal, sagittal, and coronal
orientations with the following parameters: field of view (FOV) = 20 × 20 cm2; repetition
time (TR) = 3 s; 128 × 128 image matrix size; and slice thickness = 5 mm. For the fMRI
experiments, seven consecutive coronal gradient-echo echo-planar image (GE-EPI
(Mansfield, 1977)) slices were acquired (FOV = 20 × 20 cm2; TR/TE = 1100/30 ms; 64 × 64
matrix size; 5 mm slice thickness; and a nominal excitation pulse flip angle of ≈ 45°) to
cover the entire calcarine fissure, with reference to the anatomical images. Five dummy
scans were also added to the beginning of GE-EPI data acquisition to avoid the transient
BOLD signal change at the initial acquisition period.
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During fMRI data acquisition, the magnet room was kept dark and the only light source was
the projector sitting in the next room. Before each standard fMRI run, the importance of
eyes fixation on the white cross and minimizing head motion was re-emphasized to subjects.
Four to seven standard fMRI runs were acquired for each subject and two additional eyes-
closed fMRI runs were acquired for a subgroup of five subjects.

Preprocessing and Analysis of fMRI Data
Motion correction was performed on all fMRI data using the 3D registration tool (3dvolreg)
of AFNI (Cox, 1996), and fMRI runs with large head motion (> 3 mm at any direction) were
excluded from further analysis. All images were then spatially smoothened with a Gaussian
kernel with 6 mm full width at half maximum (FWHM). The first five GE-EPI image
volumes were excluded to further eliminate the transient BOLD signal complication at the
initial GE-EPI acquisition period.

For each standard fMRI run, functional activation maps were generated by cross-correlating
the block-design stage data (126th to 300th image volumes) with the convolution of the task
paradigm and canonical hemodynamic response function (Bandettini et al., 1993). Then,
based on each functional activation map, a corresponding region of interest (ROI) was
drawn automatically based on three criteria: 1) to only include the activated fMRI voxels
reaching a statistical significance: having high correlation with the task paradigm with a p
value of < 0.05 (corrected for multiple comparison with Bonferroni correction); 2) to
exclude the voxels showing an extremely large BOLD percentage increase of >15% in
response to the visual stimulation, thus, to reduce the large vessel BOLD contamination; 3)
to limit the total number of the activated voxels for ensuring that the ROI size was 10% of
the total brain region imaged by seven fMRI slices and the selected ROI mainly covered the
calcarine fissure (see an example shown in Fig. 1B). We did not use a fixed statistical
threshold (p value) for determining the ROI, because it could result in considerable
variations in both ROI size and large vessel BOLD contribution across subjects due to the
nature of large inter-subject variability in the stimulus-evoked BOLD responses. The
different ROI size over different subjects may significantly affect the quantification of
evoked BOLD amplitude and lead to underestimation of the inter-subject variation. We
neither applied a fixed number of activated fMRI voxels to determine the ROI, because the
size of the brain as well as of the calcarine fissure also varies across subjects, even though to
a much lesser extent than the evoked BOLD response. Instead, we used a fixed proportion of
the brain volume we imaged, which can assure the consistence of the selected ROI size with
the consideration of the inter-subject brain size variation (418 ± 58 voxels, Mean ± SD).

For each standard fMRI run acquired under the eyes-fixed condition, we calculated one
quantity to quantify the amplitude of stimulus-evoked BOLD response and two quantities to
quantify the magnitude and correlation strength of baseline BOLD signal fluctuation. For
each fMRI run acquired under the eyes-closed condition for a subgroup of five subjects, two
quantities were calculated to quantify the magnitude and correlation strength of baseline
BOLD fluctuation.

To obtain the quantity of the stimulus-evoked BOLD amplitude, the mean fMRI signal
averaged within the stimulus-evoked BOLD plateau stage was divided by the mean fMRI
signal of the control stage for each voxel to generate a map of percentage BOLD increases,
whose values were then averaged within the corresponding ROI to give the quantity.

To quantify the magnitude and correlation strength of baseline BOLD fluctuation under
eyes-fixed (or eyes-closed) conditions, the fMRI signal time course acquired during the
control stage of the standard fMRI run (or the eyes-closed fMRI run) were first normalized
by their means and band-pass filtered (0.005~0.1 Hz) in the frequency domain to remove the
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DC component and very slow drift and to reduce the possible fluctuations induced by
cardiac and respiratory pulsations. Next, the standard deviation (SD) of BOLD time course
was calculated for each fMRI voxels to generate a SD map, and the average of the SD
values within the ROI presents the magnitude of baseline BOLD fluctuation under the eyes-
fixed (or eyes-closed condition). In addition, the mean of the correlation coefficients (CCs)
of any pair of voxels within the corresponding ROI was calculated to quantify the
correlation strength of baseline BOLD fluctuation under the eyes-fixed (or eyes-closed)
condition.

For the quantification based on the standard fMRI run, the ROIs were determined for each
run. While for the quantification based on the eyes-closed MRI run, which did not include
the block-design stage, the ROI was therefore determined based on the averaged fMRI
activation map across multiple runs of the same subject; and it is to some extent an average
of the single-run ROIs, which showed small variation across multiple runs for the same
subject.

A group-based regression analysis was employed instead of individual-based analysis to
examine the relationships between these quantities, since it is advantageous to utilize the
large inter-subject variability to increase the dynamic range of evoked BOLD responses.

Correlation Maps and Independent Component Analysis (ICA)
Correlation maps were generated based on the GE-EPI data acquired during the control
stage (eyes-fixed) and block-design stage of the standard fMRI runs, as well as under the
eyes-closed condition. The most activated 2-voxel × 2-voxel region was selected first, based
on the averaged functional activation map in response to visual stimulation, as the reference
region. For each GE-EPI dataset, then, the signal time courses of all image voxels (after
preprocessing) were correlated with the averaged signal time course extracted from the
reference region to create a correlation map.

Spatial Independent Component Analysis (sICA) was also performed on the same fMRI
datasets including seven coronal slices of GE-EPI images covering the visual cortex.
FastICA (Hyvarinen, 1999), a fixed-point ICA algorithm, was implemented on the data by
using a MATLAB package downloaded from http://www.cis.hut.fi/projects/ica/fastica/. A
total of 30 components, which can account for more than 90% of original variance, were
decomposed for each dataset. The meaningful components, which show certain spatial
pattern but are not obvious artifacts, were extracted by visual inspection. There was usually
only one component (out of 30 components) showing a “meaningful” spatial pattern, which
is similar to the correlation map based on the reference (or seeding) analysis approach.

All data were analyzed using MATLAB7.5 (MathWorks, Natick, MA). A p value of < 0.05
was considered statistically significant.

Results
Baseline BOLD Fluctuation versus Evoked BOLD Response

Figure 1B illustrates a typical functional activation map from a representative subject
(Subject 1), which was generated based on the fMRI data (single run) acquired during the
block-design stage. The activated brain regions in the primary visual cortex represent the
region of interest (ROI) used for data quantification. All subjects showed robust activations
in the visual cortex, and the functional activation maps and corresponding ROIs were highly
consistent across multiple fMRI runs for the same subjects.
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For each fMRI run, the correlation strength and fluctuation magnitude of the control stage
BOLD signals and the amplitude of the plateau BOLD signals acquired during the block-
design stage (see Fig. 1A) were quantified within the corresponding ROI. These three
quantities were then averaged over multiple runs for the same subject and their relationships
were examined through a linear regression analysis across all subjects. Figure 2 summarizes
the results.

Figure 2A shows a significant, positive correlation (R2 = 0.69, p = 1.2 × 10-4, n = 15)
between the amplitude of subjects’ evoked BOLD responses and the correlation strength of
their baseline BOLD fluctuations. The subjects with more synchronized baseline BOLD
fluctuations showed stronger evoked BOLD responses to the same visual stimulus, and vice
versa. Such a correlation is still statistically significant (R2 = 0.37, p = 1.1 × 10-9) if the
regression analysis was based on pooled single-fMRI-run quantities without averaging them
within the same subject (see Fig. S1B).

In contrast, no statistically significant correlation (R2 = 0.0001, p = 0.97, n = 15) was found
between the magnitude of baseline BOLD fluctuation and the amplitude of stimulus-evoked
BOLD response (Fig. 2B) in the present study. It suggests that the large inter-subject
variability in evoked BOLD response observed in the present study may not be explained by
the difference in subjects’ vasculature within the selected ROI. Moreover, the correlation
strength and fluctuation magnitude of baseline BOLD signals were found to be not
correlated with each other either (R2 = 0.053, p = 0.41, n = 15) based on the ROI analysis.

BOLD Coherent Networks under Eyes-Fixed and Eyes-Closed Conditions
Spatiotemporal correlations of baseline BOLD fluctuations have been found to imply many
“resting-state brain networks” including the one covering the visual cortex (Cordes et al.,
2000; Greicius et al., 2003; Hampson et al., 2002; Lowe et al., 1998; Stein et al., 2000;
Vincent et al., 2007). However, the resting-state visual network was usually identified using
the fMRI BOLD signals acquired under the eyes-closed condition (Lowe et al., 1998;
Mansfield, 1977). In contrast, the baseline BOLD signals in the present study were acquired
when the subjects fixed their eyes on a small cross on a black background: a common
control condition for most fMRI applications. To compare baseline BOLD fluctuations and
their associated coherent networks in the human visual cortex under these two conditions,
additional fMRI BOLD measurements under the eyes-closed condition were included for a
subgroup of five subjects (Subject 11 to Subject 15).

Figure 3A shows a positive correlation (R2 = 0.78, p = 0.046, n = 5) between the correlation
strengths of baseline BOLD fluctuations measured under eyes-fixed and eyes-closed
conditions. This result indicates a close relationship between these two baseline brain states,
and this notion is further supported by correlation maps showing the spatiotemporal
correlations of BOLD signals as discussed below.

The correlation maps were generated based on the BOLD signals acquired during visual
stimulation (the block-design stage), under the eyes-fixed (the control stage depicted in Fig.
1A) and eyes-closed conditions (additional fMRI run), respectively. Figure 3B compares
BOLD correlation maps (five coronal images) from a representative subject (Subject 12).
The BOLD correlation map during visual stimulation mainly covers the activated brain
regions showing evoked responses to the visual stimulus, and it is almost identical to the
conventional fMRI activation map (not shown in Fig. 3) as expected. The BOLD correlation
maps under the eyes-fixed and eyes-closed conditions show almost identical patterns, which
are substantially different from, even though largely overlapped with, the BOLD correlation
map obtained during visual stimulation. The major difference lies in the cuneus gyrus
region, which is clearly one part of the visual network obtained under either the eyes-fixed
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or eyes-closed condition but did not show an evoked BOLD response to the full-screen
visual stimulus. This observation is consistent across all five subjects (see Fig. S2).

To further confirm the above observation, the spatial independent component analysis
(sICA) was also performed on the same fMRI data to independently examine spatial
coherent patterns of BOLD signals. The meaningful independent components (ICs)
extracted under the three conditions (Fig. 3C) resembled the pattern of the corresponding
BOLD correlation maps (Fig. 3B), supporting the results of the seed-based correlation
analysis.

The similarity between the baseline BOLD signal fluctuations measured under the eyes-
fixed and eyes-closed conditions suggests that the relationship shown in Fig. 2A could be
further extended from the eyes-fixed (control) condition to the eyes-closed (resting-state)
condition.

Discussion
Baseline BOLD Correlation Accounts for Large Inter-Subject Variability in Evoked BOLD
Amplitude

Many factors have been shown to possibly contribute to the large inter-subject variability in
hemodynamic responses during brain activation (D'Esposito et al., 2003; Gustard et al.,
2003; Lu et al., 2008; Lund et al., 2005); a number of approaches, including spatial
smoothing and motion correction, were applied in the present study to minimize possible
variability induced by some of non-neural factors (Lund et al., 2005; White et al., 2001).
Even so, the stimulus-evoked BOLD amplitude still exhibited considerably large variation
across subjects, so did the baseline BOLD correlation strength. Interestingly, a significant
association was found between these two BOLD measurements, which suggests that the
inter-subject variability in the evoked BOLD amplitude can, at least substantially, be
attributed to the large variation of baseline BOLD correlation across subjects.

In contrast to the large inter-subject variability, both baseline BOLD correlation and
stimulus-evoked BOLD amplitude are relatively stable across multiple fMRI runs within the
same subject and this is evident by the small error bars shown in Fig. 2. This result is
consistent with previous observations that the intra-subject variability of both evoked BOLD
responses (Aguirre et al., 1998) and baseline BOLD correlations (Zhang et al., 2007) is
smaller than their inter-subject variability. For this reason, the relationship between the
baseline BOLD correlation and evoked BOLD amplitude is not obvious based only on
single-subject data (Fig. S1A), except for a few subjects (e.g., Subject 8 and Subject 11, Fig.
S1A) showing relatively large inter-run variability in both evoked BOLD response and
baseline BOLD correlation strength.

Coherent Networks Implied by Baseline BOLD Fluctuations under Eyes-Fixed and Eyes-
Closed Conditions

Most studies on baseline BOLD fluctuations are conducted during a resting-state with eyes
either fixed on a cross or closed (Fox and Raichle, 2007), and a number of resting-state
networks have been found to remain similar under these two baseline conditions (Fox et al.,
2005). Nevertheless, a few studies (Bianciardi et al., 2009a; Yang et al., 2007) have
suggested that the magnitude and correlation of baseline BOLD fluctuations in the visual
cortex might be different between the eyes-fixed and eyes-closed conditions. It is therefore
interesting to examine this aspect quantitatively.

Our parallel correlation analyses on the baseline BOLD signals acquired under the eyes-
fixed and eyes-closed conditions showed two spatially indistinguishable coherent networks
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mainly covering the visual cortex. They are, however, not completely overlapped with the
cortical regions showing evoked BOLD responses to a full-screen visual stimulus (Fig. 3).
The main difference is in the cuneus gyrus region, which belongs to visual association areas
involved in the dorsal pathway and high-level visual functions and was not activated by the
reversal checkerboard stimuli with full coverage of visual field. Furthermore, quantitative
analysis also suggests a correlation between the correlation strengths within the visual
coherent network under these two conditions (Fig. 3A). These results suggest a similar
neurophysiologic basis for the baseline coherent networks under the eyes-fixed and eyes-
closed conditions.

Interaction between Ongoing Brain Activity and Evoked Brain Response
The coherent visual network as observed in the present study is just one of many “resting-
state networks” mapped through baseline BOLD fluctuations. Although the exact
mechanism underlying the baseline BOLD fluctuation remains elusive, several studies have
linked it to spontaneous neural activity (Feige et al., 2005; Goldman et al., 2002; Liu et al.,
2010; Mantini et al., 2007; Shmuel and Leopold, 2008).

More interestingly, recent fMRI studies have demonstrated how human behaviors could be
influenced by pre-stimulus baseline BOLD signals acquired under the eyes-fixed condition
(the same as in the present study) (Boly et al., 2007; Fox et al., 2007; Hesselmann et al.,
2008a; Hesselmann et al., 2008b; Sapir et al., 2005). These studies have shown, for example,
that differences in the pre-stimulus BOLD signal can predict whether: a motion
discrimination judgment is right or wrong (Sapir et al., 2005), a sensory stimulus will be
perceived or missed (Boly et al., 2007), an ambiguous visual stimulus will be perceived as a
face or object (Hesselmann et al., 2008a), or a group of dots will move coherently or
randomly (Hesselmann et al., 2008b). These important findings clearly suggest an
interaction between ongoing brain activity and evoked brain response at a behavioral level.

Compared to those behavioral studies, our study aims to understand the quantitative
relationship between ongoing and evoked brain activities from a more mechanistic
perspective by measuring and examining the relationship between baseline and evoked
BOLD signals. We found that synchronization strength within a resting-state coherent
network (implied by the baseline BOLD signal fluctuation associated with the underlying
ongoing brain activity) has an important influence on the amplitude of its evoked response
(evoked brain activity) to external stimulation, even at the early stage of the visual system.

We were unable to directly draw conclusions in regard to the quantitative relationship
between the evoked BOLD amplitude in the visual cortex and associated visual behaviors,
which were not measured in this study. However, several previous studies have provided
evidence to link them (Buchel et al., 2002; Dehaene et al., 2001; Ress et al., 2000). For
example, the amplitude of evoked BOLD responses in the primary visual cortex was found
to be able to predict how well subjects performed a visual perception task (Ress et al., 2000).

The present study is also distinct from the previous studies aiming to link baseline BOLD
signal with human behavior in the aspect of ongoing brain activity quantification. The
majority of previous behavior studies employed an event-related fMRI paradigm, and a short
period of baseline BOLD signals (or even a single image time point) prior to the stimulation
(or task) onset was utilized to quantify the relative level of ongoing brain activity, which
may only reflect an instantaneous status of the resting brain. In contrast, we used a relatively
long period (165 seconds) of baseline BOLD signals to quantify the correlation of ongoing
brain activity, which is likely to reflect a more general status of the resting brain. From this
perspective, our study is closer to previous studies relying on the quantification of
correlation strength (functional connectivity) of resting-state networks. For instance, the
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correlation strength of individuals’ resting-state default mode networks has been
successfully applied to predict how well subjects perform a working memory task (Hampson
et al., 2006), to distinguish schizophrenia patients from healthy subjects, or to correlate with
the schizophrenia psychopathology (Whitfield-Gabrieli et al., 2009). Together with those
findings, our study reveals potential roles of resting-state networks and neuronal
synchronization in brain activation, function, and behavior.

Neurophysiologic Basis of Baseline BOLD Fluctuations
Converged evidence from a number of studies using simultaneous EEG-fMRI measurements
(Feige et al., 2005; Goldman et al., 2002; Moosmann et al., 2003) has consistently shown
that the baseline BOLD signal measured in the human visual cortex is negatively correlated
with the power of occipital alpha-band EEG oscillations under the eyes-closed condition.
Interestingly, even though it is known that the occipital alpha-band EEG power will
decrease drastically when subjects open their eyes, its topographic distribution has not been
shown to change significantly (Barry et al., 2007). To some extent, this finding is in line
with our observation that the coherent networks implied by baseline BOLD fluctuations are
spatially indistinguishable under the eyes-fixed and eyes-closed conditions. Moreover, the
individual alpha-frequency (IAF) under the resting-state has been shown to negatively
correlate with: (i) the amplitude of alpha-band EEG oscillations at rest; (ii) the amplitude of
the visual evoked potential (VEP); and (iii) the amplitude of hemoglobin oxygenation level
change, which was measured by the near-infrared spectroscopy (NIRS) technique, in
response to visual stimulation (Koch et al., 2008). All of these findings suggest that the
ongoing occipital alpha-band brain activity may be linked to the baseline BOLD fluctuations
under both the eyes-fixed and the eyes-closed condition.

Besides the alpha-band activity at rest, the amplitude of stimulus-evoked BOLD responses
has also been correlated with a number of other neurophysiologic measurements, for
example, the stimulus-induced gamma oscillation frequency and the resting-state
concentration of GABA (Muthukumaraswamy et al., 2009), which is a neurotransmitter
essential for inhibitory interneurons and the generation of synchronized neuronal oscillations
(Buzsaki et al., 2007). Understanding how the baseline BOLD correlation is associated with
these neuro- and electro-physiology parameters should provide an important step for
revealing the underlying mechanism of ongoing and evoked brain activity interaction. This
remains an interesting topic for future studies.

Methodology Considerations and Perspectives
Since a correlation, but not causality, was found between the baseline BOLD correlation and
stimulus-evoked BOLD amplitude in the present study, one possible argument on our results
is that the visual input under the eyes-fixed condition (i.e., a white cross on a black screen),
if considered as a weak “stimulus”, might evoke stronger fluctuations and thus higher
correlation (due to a higher temporal contrast-to-noise ratio) of baseline BOLD signals for
the subjects showing a stronger stimulus-evoked BOLD response. However, this possibility
could be excluded for the following reasons. First, we minimized the effect of visual input
under the eyes-fixed condition by using a very small cross-mark with moderate illumination
on a dark screen with minimum illumination. The BOLD correlation maps for the eyes-fixed
condition, which are almost identical to those obtained under the eyes-closed condition but
different from those during visual stimulation (Fig. 3), are very unlikely to be induced by the
very small fixation cross on a dark screen. Secondly, no significant correlation was found
between the magnitude of the baseline BOLD fluctuation and stimulus-evoked BOLD
amplitude (Fig. 2B), which means subjects showing stronger evoked BOLD responses do
not necessarily have stronger baseline BOLD fluctuations in the same ROI – another line of
evidence against the argument.
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In fact, when the ROI was reduced to cover mainly the large-vessel GE-EPI voxels, the
relationship between the magnitude of the baseline BOLD fluctuation and evoked BOLD
amplitude is still not statistically significant (see Fig. S3). One implication of this finding is
that the vasculature (especially in the venous side) variation is unlikely to contribute
significantly to the large inter-subject variability in evoked BOLD amplitude observed in the
present study, presumably due to: i) the large suppression of the large-vessel BOLD
contribution at high magnetic field (Ogawa et al., 1998); ii) the further exclusion of large-
vessel voxels in the ROI selection and data analysis; and iii) the narrow age distribution of
the subjects (13 out of 15 subjects are aged between 20 and 30). For these reasons, the large
inter-subject variability in baseline BOLD correlation and evoked BOLD amplitude cannot
be explained from a vascular-origin perspective. Furthermore, our results should not conflict
with a previous study (Kannurpatti and Biswal, 2008) showing a correlation between the
magnitude of baseline BOLD fluctuation and hypercapnia-induced BOLD responses, in
which the relationship was established on intra-subject and voxel-based analysis, and thus a
strong correlation is logically expected based on the underlying BOLD mechanism (Ogawa
et al., 1998).

It has been shown previously that the spontaneous BOLD signal fluctuation was not only
contributed by ongoing brain activity but also other sources including physiologic noise
(Bianciardi et al., 2009b). Although certain measures, for example, the combination of short
TR and band-pass filter, have been taken to minimize possible contributions from these
sources; some of them, for example, very low-frequency variation of respiration volume
(Birn et al., 2006), cannot be removed completely from the image data. However, our
conclusion is likely less affected by those noise sources for the following three reasons.
First, a previous study had shown that the spontaneous BOLD signal fluctuation in the
human visual cortex is contributed dominantly by ongoing brain activity if high-frequency
thermal noise and low-frequency drift are removed (Bianciardi et al., 2009b). Second, the
present study focused on the relative correlation strength of baseline BOLD fluctuation
(inter-subject difference); therefore, if the contribution from noise sources is relatively
consistent across subjects, it would not affect our conclusion. Thirdly, the relationship
between the evoked BOLD amplitude and correlation strength of baseline BOLD fluctuation
observed in the present study cannot be explained only from the noise perspective.

In this study, ROI was selected based on each fMRI run data. In parallel, we also tested
another strategy using a ROI averaged from multiple fMRI runs for an individual subject
and the results are shown in Figure S4 of supplementary materials. It is clear these two
analysis strategies resulted in the same results and conclusions.

Another impact of our finding that baseline BOLD correlation accounts for large inter-
subject variability in stimulus-evoked BOLD amplitude is on fMRI quantification,
especially for those studies aiming to compare differences between evoked BOLD
amplitudes of different groups of subjects (e.g., healthy subjects versus patients) under the
same stimulation or task performance. Our analysis suggests that 69% inter-subject variation
in the stimulus-evoked BOLD response could be explained by the inter-subject variability in
the baseline BOLD correlation (based on R2 = 0.69). By monitoring baseline BOLD signals
and removing the variation they cause, the inter-subject (within-group) variation in the
stimulus-evoked BOLD amplitude could be significantly reduced, which can increase the
statistical power of detecting the difference between groups and thus reduce the sample size
required for such studies.
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Conclusion
In the present study, we found that the spatiotemporal correlations of baseline BOLD signals
acquired under the eyes-fixed condition from the human visual cortex imply an organized,
coherent network that is topographically indistinguishable from the resting-state visual
network observed under the eyes-closed condition. More strikingly, the correlation strength
of this ongoing visual network can significantly influence the amplitude of subjects’ evoked
BOLD responses to visual stimulation. The subject with a more synchronized ongoing
network tends to show a stronger response to identical stimulation. The overall findings
indicate a strong interaction between ongoing and evoked brain activities, and they also
suggest the importance of the coherent networks implied by low-frequency baseline BOLD
fluctuations under either the eyes-fixed or eyes-closed condition for linking brain activation,
function and dysfunction. This study highlights the importance to integrate the information
from both resting-state coherent networks and task-evoked neural responses for a better
understanding of how the brain works.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Standard experimental paradigm and an example of ROI selection. (A) The experimental
paradigm for a standard fMRI run with the control (red shadow), block-design (green
shadow), and BOLD plateau (blue shadow) stages being marked; (B) An example of
functional activation maps generated based on the block-design stage data from a single
fMRI run of a representative participant (Subject 1). The statistical threshold was adjusted to
show the most activated (~10% of) brain regions, which defined the ROI utilized for
quantification.

Liu et al. Page 15

Neuroimage. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Scatter plots showing, for each subject, the amplitude of stimulus-evoked BOLD responses
versus (A) the correlation strength and (B) fluctuation magnitude of baseline BOLD signals.
Each gray circle in the plots represents the data from one subject with error bars standing for
standard errors across multiple fMRI runs. The solid lines show the best linear fitting of
experimental data (n=15) using the least-square regression method: R2 = 0.69 and p = 1.2 ×
10-4 for (A); R2 = 0.0001 and p = 0.97 for (B).
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Fig. 3.
Comparison of BOLD correlation strength and correlation maps between the eyes-fixed and
eyes-closed conditions. (A) A scatter plot showing, for each subject, the correlation strength
of baseline BOLD fluctuations under these two conditions suggests a significant association
between them (R2 = 0.78, p = 0.046, n=5). (B) Correlation maps from a representative
participant (Subject 12) under the eyes-fixed (middle) and eyes-closed (bottom) conditions
indicate two topographically undistinguishable coherent networks, which are different from
the one during stimulation (top). These maps were generated with respect to a reference
region (green cross), and their statistical thresholds were adjusted to show the same amount
of voxels for better comparison of spatial pattern. (C) Independent components extracted
from the same dataset using sICA method confirm the results of correlation analysis. All
maps shown in this figure were averaged over multiple fMRI runs. The contour of the
correlation map under the eyes-closed condition (the bottom of B) was outlined with
magenta color and overlapped on all other maps.
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