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Neural oscillations are the intrinsic characteristics of brain activities. Traditional electrophysiological
techniques (e.g., the steady-state evoked potential, SSEP) have provided important insights into the
mechanisms of neural oscillations in the high frequency ranges (.1 Hz). However, the neural oscillations
within the low frequency ranges (,1 Hz) and deep brain areas are rarely examined. Based on the advantages
of the low frequency blood oxygen level dependent (BOLD) fluctuations, we expected that the steady-state
BOLD responses (SSBRs) would be elicited and modulate low frequency neural oscillations. Twenty six
participants completed a simple reaction time task with the constant stimuli frequencies of 0.0625 Hz and
0.125 Hz. Power analysis and hemodynamic response function deconvolution method were used to extract
SSBRs and recover neural level signals. The SSEP-like waveforms were observed at the whole brain level and
at several task-related brain regions. Specifically, the harmonic phenomenon of SSBR was task-related and
independent of the neurovascular coupling. These findings suggested that the SSBRs represent non-linear
neural oscillations but not brain activations. In comparison with the conventional general linear model, the
SSBRs provide us novel insights into the non-linear brain activities, low frequency neural oscillations, and
neuroplasticity of brain training and cognitive activities.

N
eural oscillations, the intrinsic characteristics of dynamic brain activities, are the patterns of a particular
temporal beat (e.g., the occipital alpha wave around 10 Hz1). Using electrophysiological techniques,
previous studies have revealed a number of important processes of neural oscillations in the high

frequency ranges (.1 Hz), such as the spectral fingerprints2, the phase-amplitude coupling3, and the multiple
generative mechanisms4 at various brain regions and frequency bands. However, the mechanisms of low fre-
quency (,1 Hz) neural oscillations are rarely examined5, although their physiological significance has been
emphasized by the local field potentials (LFP), electroencephalogram (EEG), functional magnetic resonance
imaging (fMRI) and behavioural studies6–8.

The lack of sufficient knowledge of low frequency neural oscillations is largely due to the deficiency of
conventional approaches or methods. In the domain of electrophysiological techniques, the local field potentials
(LFP) are invasive and spatially constrained8. The electroencephalography (EEG) and magnetoencephalography
(MEG) are limited in recording signal bandwidth (.0.5 Hz) and spatial resolution9. In contrast, the fMRI is a
promising technique to explore low frequency neural oscillations because of its low frequency blood oxygen level
dependent (BOLD) fluctuations (,0.25 Hz for 2 sec repetition time) and high spatial resolution. However, the
BOLD responses measure the downstream effects regulated by the neurovascular coupling rather than the neural
activity itself7. Giving the fact that traditional general linear model (GLM) heavily relies on the neurovascular
coupling1, the question of whether the low frequency BOLD fluctuations reflect the underlying processes of neural
oscillations is still under debate. Therefore, an appropriate tool is necessary to explore the low frequency neural
oscillations.

In the high frequency ranges, an effective index of modulation for neural oscillations, the steady-state evoked
potential (SSEP), is widely used for investigating cognitive activities in cognitive or clinical neuroscience, and
brain-computer interface10. The SSEP is an evoked periodic response that peaks at the same frequency and
harmonics of a regularly repetitive stimulus after fast Fourier transform10. With the advantages of stable spec-
trum11, high signal-to-noise ratio (SNR), and sensitivity to sensory stimuli10,12,13, the SSEP is a critical and unique
means in examining the mechanisms of basic cognition (e.g., visual attention14 and working memory15). However,
because of the low spatial resolution of EEG and the limited response areas in the brain, using high frequency

OPEN

SUBJECT AREAS:
DECISION

HUMAN BEHAVIOUR

Received
17 September 2014

Accepted
18 November 2014

Published
9 December 2014

Correspondence and
requests for materials

should be addressed to
H.-F.C. (chenhf@uestc.

edu.cn) or J.H.Y.
(jhyan@sfsu.edu)

SCIENTIFIC REPORTS | 4 : 7376 | DOI: 10.1038/srep07376 1

mailto:chenhf@uestc.edu.cn
mailto:chenhf@uestc.edu.cn
mailto:jhyan@sfsu.edu


stimulus presentations would result in an unproductive application
of the SSEP when exploring higher-level cognition and deep brain
activities.

In the low frequency ranges, taking the advantages of the fMRI
technique, we examine (1) whether the steady-state BOLD response
(SSBR) could be evoked at the fundamental frequency of stimuli and
harmonics, and (2) whether the SSBR could modulate the underlying
responses of neural oscillations by two steps: imitating the form of
SSEP and using the method of blind hemodynamic response func-
tion (HRF) deconvolution to obtain the neural level signals from
BOLD signals16. For the first step, we hypothesized that SSBR, a
SSEP-like phenomenon, could be induced because of the close rela-
tionship between BOLD signal and neural activities and between low
and high frequency bands. First, the low or infra-slow frequency
BOLD fluctuations are closely associated with the signal oscillations
of EEG and LFP6,8, indicating that BOLD fluctuations measure the
substantial neural activities. Second, the distinct frequency ranges of
BOLD and EEG signals may also be linked by the nested frequen-
cies5,9. This phenomenon characterizes the power of a high frequency
component phase-locking to a low frequency component3.
Furthermore, the dominant frequencies of different brain regions
or functional networks are also found in low frequency BOLD fluc-
tuations17. For the second step, the blind HRF deconvolution is estab-
lished on the idea that BOLD spikes are derived from the point events
with non-random patterns18. By matching BOLD signals with canon-
ical HRF and its time derivative16, the blind HRF deconvolution
could eliminate the effect of HR in a maximal extent19. Therefore,
we can compare the SSBR before and after HRF deconvolution to
determine whether the SSBR reflects neural oscillations.

In summary, we aimed to devise a reasonable tool to investigate
low frequency neural oscillations. First, we evoked the SSBR based on
the theory of steady-state neural response in high frequency ranges
and the close relationship between high and low frequency neural
activities. Second, we adopted the recently developed blind HRF
deconvolution method to recover neural level signals form BOLD
level signals to inspect the neural basis of SSBR.

Results
SSBRs of the whole brain. A SSEP-like waveform was shown in
Figure 1A. The HRF deconvolution changed the energy distribu-

tion along frequency ranges, but did not eliminate SSBRs
(Figure 1B). This suggests that the SSBRs are independent of
neurovascular coupling. Comparing to the resting state, the LF
condition significantly increased the power within 0.06–0.065 Hz
[before deconvolution (BD): t (25) 56.119, p ,0.001; after
deconvolution (AD): t (25) 56.501, p ,0.001], 0.1225–0.1275 Hz
[BD: t (25) 54.171, p ,0.001; AD: t (25) 54.297, p ,0.001] and
0.185–0.19 Hz [BD: t (25) 52.442, p 50.022; AD: t (25) 52.891, p
50.008] frequency bands; However, the HF condition remarkably
enhanced the power within the 0.1225–0.1275 Hz [BD: t (25)
56.939, p ,0.001; AD: t (25) 58.580, p ,0.001] frequency band.
The HRF deconvolution slightly reduced the power [t (25) 52.154, p
50.041] at the 0.1225–0.1275 Hz frequency band for the LF
condition. These results suggest that SSBRs can be evoked at the
fundamental frequency of stimulus and its harmonics. This
observation is similar to those of the SSEPs. On the other hand,
the HRF did not markedly exert influence on the SSBRs,
suggesting that the SSBRs are not requiring the hemodynamic
function.

Regional SSBRs. Figure 2 shows that SSBRs were evoked at 0.06–
0.065 Hz and 0.1225–0.1275 Hz frequency bands in the left
sensorimotor area (SA) and bilateral supplementary motor area
(SMA) on both LF and HF conditions. Of note, no other regions
had the similar effects with over 20 voxels at the 0.185–0.19 Hz
frequency bands on the LF condition. Table 1 summarizes the
visual cortex (VC), insula, ventral lateral frontal cortex (VLFC),
inferior parietal lobe (IPL), posterior middle temporal gyrus
(MTG) and inferior temporal gyrus (ITG) resonated on the HF
condition at 0.1225–0.1275 Hz frequency band.

The SSBRs after HRF deconvolution throughout the brain are
slightly higher (not statistically significant different) than those
before HRF deconvolution. This suggests that the SSBR is independ-
ent of HRF convolution, a key hypothesis in the conventional general
linear model (GLM). Except for the SA and SMA regions, most areas
of the brain showed a little higher power (the ratio of Task/Rest .1
but not arrives significance) on task conditions than on the resting
condition (Figure 3). Although there were no significant differences,
to certain extent, the stimuli presented in a constant signal frequency
changed the brain state or rhythmic activity. This result, therefore,

Figure 1 | The grand-average of task evoked SSBRs at the whole brain level. SSBRs are shown by the mean power at 0.0625 Hz, 0.125 Hz and 0.1875 Hz

before (A) and after (B) HRF deconvolution. In a 0.005 Hz bandwidth, SSBRs were significantly induced at 0.06–0.065 Hz (p ,0.001) and 0.1225–

0.1275 Hz (p ,0.001) frequency bands for the LF condition, and at 0.1225–0.1275 Hz (p ,0.001) for the HF condition (C). There was no remarkable

effect from HRF deconvolution (p .0.05). LF: lower frequency condition; HF: higher frequency condition; error bars represent the 95% confidence

interval.
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Figure 2 | The regional SSBRs evoked by LF and HF stimuli. The distribution of SSBRs after HRF deconvolution was similar to those before HRF

deconvolution. The results were visualized with the BrainNet Viewer (http://www.nitrc.org/projects/bnv/).

Table 1 | The region of SSBRs evoked by lower frequency and higher frequency stimuli at 0.06–0.065 Hz and 0.1225–0.1275 Hz

HRF Deconvolution Condition Frequency band Region Voxel size

MNI coordinate

tx y z

Before LF 0.06–0.065 Hz L_SA 29 239 227 57 7.59
B_SMA 22 0 3 57 6.06

0.1225–0.1275 Hz L_SA 242 233 230 51 8.88
B_SMA 41 26 23 63 6.79

HF 0.1225–0.1275 Hz L_SA 931 236 230 54 14.08
B_SMA 399 26 23 63 9.42
L_IFG 196 251 3 3 9.20
L_Insula 243 239 23 6 9.06
L_IPL 233 230 251 54 8.85
R_Insula 130 36 24 0 7.81
L_MTG 98 254 257 0 7.56
R_IFG 123 57 6 15 7.40
L_VC 211 218 2102 9 7.29
R_VC 94 21 263 3 6.97
R_IPL 85 60 230 30 6.71
R_MTG 104 57 254 23 6.51

After LF 0.06–0.065 Hz L_SA 199 230 230 54 8.78
L_VC 123 227 284 29 8.17
R_VC 149 27 296 26 8.00
B_SMA 94 0 0 66 6.42

0.1225–0.1275 Hz L_SA 413 230 224 51 9.50
L_Insula 90 239 23 12 8.18
B_SMA 128 6 23 63 7.40

HF 0.1225–0.1275 Hz L_SA 1390 239 221 57 15.88
B_SMA 599 26 23 54 11.10
L_IPL 598 230 248 48 11.06
L_Insula 319 236 23 12 10.87
R_Insula 179 33 24 3 9.75
R_VC 1744 21 284 21 9.54
L_ITG 324 236 269 212 9.49
L_MTG 243 251 257 23 9.09
L_VC 1880 218 2102 9 8.97
L_IFG 386 254 6 18 8.80
R_IFG 320 48 9 3 8.45
R_IPL 284 30 254 42 8.25
R_SA 239 45 3 39 7.59
R_ITG 368 57 254 26 7.57
R_MFG 189 36 48 24 7.11
L_MFG 85 230 42 30 7.00
R_MTG 258 60 248 6 6.73

MNI: Montreal Neurological Institute; LF: Lower Frequency Condition; HF: Higher Frequency Condition; L: Left; R: Right; B: Bilateral; SA: Sensorimotor Area; SMA: Supplementary Motor Area; IFG: Inferior
Frontal Gyrus; IPL: Inferior Parietal Lobe; MTG: Middle Temporal Gyrus; VC: Visual Cortex; ITG: Inferior Temporal Gyrus; MFG: Middle Frontal Gyrus.
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supports the perspective of neuroscience that cognitive process-
ing is implemented by widely distributed brain areas acting in
collaboration20.

The Effect of HRF. Figure 1 suggests that the HRF significantly
contributed to the amplitude of BOLD signals. In addition, the
HRF deconvolution changed the phase of task signals (1/2 , 3/4
cycle for the HF condition, 1/4 , 3/8 cycle for the LF condition;
Figure 4A), because a 4–6 s delay of the neurovascular coupling was
eliminated16. Due to the phase changes, the task signals showed
negative correlations (LF: r 520.353, p ,0.001; HF: r 520.0.783,
p ,0.001; Resting: r 50.089, p 50.139) before and after HRF
deconvolution. In summary, the HRF changed the amplitude
(Figure 1) and the phase (Figure 4) of BOLD signals, and the
patterns of energy distribution along the frequency ranges
(Figure 1), rather than the relative power (Figure 1, 2) of SSBRs.
The results suggest that the effect of SSBRs was clear and
independent of neurovascular coupling.

Discussion
With periodic stimuli, we successfully induced the steady-state
BOLD responses (SSBRs) in the low frequency ranges. Unlike tra-
ditional GLM, the SSBR is independent of the neurovascular coup-
ling and reflects the underlying process of neural oscillations.
Therefore, the SSBR may be a meaningful tool to investigate low
frequency neural oscillations.

We found the SSBRs at the fundamental frequencies of both HF
and LF stimuli, the first harmonic of LF stimuli, and a slightly
increased SSBR at the second harmonic of LF stimuli. The harmonic
phenomenon is thought to stem from the non-linearly coupled
neural system21. We demonstrated that the non-linear neural oscil-
lation is independent of the neurovascular coupling and differs from
the GLM that depends on the linear neurovascular coupling. The
between-frequency coupling has been widely observed between low
and high EEG frequencies3, and between BOLD fluctuations and
EEG/LFP oscillations5,9. The between-frequency coupling may be
an intrinsic feature of the dynamic neural activities. As an integrity
system and common basis of EEG and BOLD signals7, the neural
activities underpin the correlations of the two types of signal in the
infra-slow frequency range7,8 and maybe the harmonic phenomenon
they share. However, reliable coupling between 0.0625 Hz and
0.125 Hz cannot be obtained in the current study due to three rea-
sons: first, time points is too few (four or eight) in each cycle to divide
a cycle into several bins of phase; second, SSBRs at both frequencies
are stimulus-locked and phase-related10; and third, the phase-ampli-
tude coupling is a band-limited rather than a frequency-locked phe-
nomenon22, whereas the band width in the infra-slow frequency

range is controversial23,24. In line with this hypothesis, more studies
are required to examine the mechanism of harmonic phenomenon in
the low frequency neural oscillations.

In the conditions of LF and HF, the most modulated brain regions
are the left SA and bilateral SMA. These regions play roles in tactile
sensations, voluntary movements25, and action monitoring26. The
SSBRs in the VC is weaker than those in the SA and SMA; this
may be affected by BOLD adaptations, a widely observed phenom-
enon when stimuli are repeated27. While requiring further investi-
gations, it is possible that BOLD adaptations may compete against
the SSBRs. Although weaker than in the visual and motor areas, the
SSBRs in the MFG, MTG, IPL and insula are considerably evoked at
the 0.1225–0.1275 Hz frequency band, especially on the HF con-
dition. These regions are often involved in controlling cognitive
activities, such as representing color categories28, extracting mem-
ories29, processing semantic information30, and executing disparate
cognitive, affective, regulatory functions31. Although other regions
are regulated to some extent, the SSBRs are strongest in regions that
are related to the SRT task and slightly weaker in task control regions,
showing a task-related pattern.

Despite the fact that the SSBRs and brain activations are both task-
related, the underlying mechanisms for them may be different. First,
the brain activations require the HRF, whereas the SSBRs may not;
Second, periodic visual stimuli reduce the activations32 but enhance
the SSBRs; Third, the effects of mean BOLD signal and BOLD vari-
ability are largely irrelative33. Furthermore, the BOLD variability is
more useful in examining cognitive aging, functional disorders, per-
formance and neuroplasticity33,34. Considering the difference
between mean BOLD signal and BOLD variability, understanding
the mechanism of SSBRs remains an important area for future
research. A variaty of tasks, specially those involving in higher-order
cognition and deep brain activities, should be performed to uncover
the mechanism of the SSBRs. From the point of view of neural oscil-
lations, the SSBRs likely provide us novel insights into how the brain
participates in cognitive activities.

The SSBR shows an enlarged variability at the particular frequency
when the stimuli are presented at a constant frequency. The
increased variability is critical for the neural system to optimally
operate. First, recent studies suggested that the neural system works
at the ‘‘edge of criticality’’ among many possible states or functional
network configurations33,35. The greater variability of neural oscilla-
tions provides a greater dynamic range for the brain to select proper
responses from many states or options in an ever-changing envir-
onment33,34. Therefore, variability is essential to the flexibility, effi-
ciency and adaptability of the neural system34. According to the
adaptive hypothesis, the SSBRs may provide more insightful evid-
ence than brain activations in studies of life-span development, skill

Figure 3 | The relative power of Task/Resting throughout the brain. Aside from regions above the threshold in the t-test, slight SSBRs were shown

throughout the brain. Paired-sample t-test revealed that the HRF deconvolution did not significantly change the distribution of SSBRs.
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learning, or training. Second, the elevated variability may provide
kinetic energy for the neural system to achieve a variety of possible
functional states33. A low variability can not offer sufficeint capacities
for the system to achieve new states (e.g., from the resting state to a
task state), resulting in a rigid and maladaptive system36. The BOLD
variability has been demonstrated to be related to the capacity of
swithing from resting state to task state33. While requiring further
investigation, we suggest that the SSBRs, by increasing neural vari-
ability, are also related to the switching capacities. Third, both local
information processing and coordination of large-scale networks
have their preferred frequency bands, named spectral fingerprints2.
The spectral fingerprints exist within both the high EEG frequency
range2,37 and the low BOLD frequency range17,24 for distinct brain
regions or functional networks. In the present study, the frequency
band bias may be one reason for the distribution of SSBRs in both
spatial (e.g., relative strength throughout the brain) and frequency
dimensions (e.g., the highest SSBRs at the 0.1225–0.1275 Hz fre-
quency band for both LF and HF conditions). Although high sig-
nal-to-noise ratio at 0.125 Hz than at 0.0625 Hz (Figure 1) due to
lower intrinsic power within higher frequency band than in lower
frequency band may also cause higher and more widespread SSBRs,
the spectral fingerprints has been supported by previous studies17,24

and may be a reasonable hypothesis. It is known that at the natural or
dominant frequency, the SSBRs exert the largest effect, and maximize
the benefit for neural variability, flexibility and efficiency37.
Therefore, evoking the SSBRs at the preferred frequency may pro-
mote the application of this neural oscillations based method in
studies of neuroplasticity.

Although SSBRs and SSEPs share certain characteristics in neural
activities, the generative mechanisms of low and high frequency
neural oscillations may differ from one another3,7. Even within the
high frequency ranges, different frequency bands are driven by dis-
tinct neural mechanisms4. Therefore, more work, such as that using
the band-limited method22, is necessary to clarify the neural basis of
the SSBRs and low frequency neural oscillations.

Finally, we obtained the findings from a sample of young males. In
spite of the fact that the steady-state responses were found in both
genders and across life span34,36, these results should be tested in a

wider range of populations. In addition, only two frequencies those
are multiple of the TR are tested in the current study. These limited
frequencies may reduce power in the analysis and cannot uncover all
features of the SSBRs. The characteristics of the SSBRs should be
explored with more cognitive tasks and more frequencies.
Furthermore, although the HRF deconvolution has been demon-
strated to be able to recover neural level signal, simultaneous full-
band EEG-fMRI recording is warranted to directly reveal the neural
mechanism of SSBRs.

Conclusions
We show that the SSBRs modulate the neural oscillations in a non-
linear fashion. This observation is similar to the effect of the SSEPs,
but differs from the linear style of the GLM. The SSBRs are task-
related and enhance brain efficiency by increasing neural variability.
As an important assessment tool in examining the neural activities,
the SSBRs can provide us novel and critical insights into neuroplas-
ticity, non-linear brain functions and low frequency neural oscilla-
tions during various cognitive tasks.

Methods
Subjects and procedure. Thirty male college students participated in the experiments
(From 18 to 20 years of age; 18.30 6 0.53, mean 6 SD). All subjects were right handed
confirmed by the Chinese version of Edinburgh Handedness Questionnaire
(coefficients . 40). The subjects had normal or correct to normal vision, were free
from any medications, neurological and psychiatric disorders. Written informed
consent, approved by the research ethical committee of University of Electronic
Science and Technology of China, was obtained from each subject before the
experiment. The methods were carried out in accordance with the approved
guidelines. The data of three subjects were removed from the final analysis due to
large head motions (translation .2 mm or rotation .2u). The data of another subject
were not used because the MRI data were lost.

In the resting scan of 10 min (the Resting condition; 300 volumes), subjects were
required to remain still, focus their eyes on the white crosshair at the center of the gray
screen without thinking anything particular during the image acquisition period. In
two task runs of 10 min each, subjects were asked to focus their eyes on a green disc
(visual angle 3.43u) located in the center of the grey screen. When the disc turned into
red (100 ms presentation), the subject pressed a key with the right thumb. Simple
visual stimuli were used as in most SSEP studies10, while simple reaction was asked to
avoid mind wandering or falling asleep. The frequency of the simple reaction time
(SRT) task was 0.0625 Hz (once every 16 seconds; the lower frequency condition, LF)
or 0.125 Hz (once every 8 seconds; the higher frequency condition, HF) in different

Figure 4 | The relationship of signals before and after HRF deconvolution. The HRF changed the phase but not the frequency (A). The signals on task

conditions were in negative correlation before and after HRF deconvolution (B). The signals were extracted from the left sensorimotor area as the average

of all subjects and normalized by z-transformation. BD: Before HRF Deconvolution; AD: After HRF Deconvolution.
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runs. These frequencies were located in slow 4 (0.027–0.073 Hz) and slow 3 (0.073–
0.198 Hz) frequency bands23, respectively. The former has been demonstrated to be
suppressed during cognitive processing38,39, while the latter gets less attention but is
associated with physiological and mental activities39,40. The frequency we selected
here allowed us to test whether the SRT task would enhance or attenuate BOLD power
at both lower and higher frequency bands. The conditions of LF and HF were
counterbalanced between subjects with a 10 , 15 min inter-run break. In each task,
subjects were asked to remain focused without counting or predicting the stimuli.

Scan acquisition. MRI data were acquired using a 3.0T GE 750 scanner (General
Electric, Fairfield, Connecticut, USA) equipped with high-speed gradients. An 8-
channel prototype quadrature birdcage head coil fitted with foam padding was
applied to minimize head movement. Functional images were acquired using a
gradient-recalled echo-planar imaging (EPI) sequence. The parameters were as
follows: repetition time (TR) 5 2000 ms, echo time (TE) 5 30 ms, 90u flip angle, 39
axial slices (4 mm slice thickness without gap), 64 3 64 matrix, 24 cm field of view.

Data preprocessing. Functional images were preprocessed using the Data Processing
Assistant for Resting-state fMRI (DPARSF 2.2, http://restfmri.net/forum/DPARSF).
The preprocessing steps included: the 1st 25 scans (about 3 cycles for LF and 6 cycles
for HF) were discarded to allow evoked fluctuations to appear, signal to reach
equilibrium and participants to adapt to the scanning noise. The remaining images
were slice-time corrected, spatially aligned and then spatially normalized to Montreal
Neurological Institute (MNI) EPI template and re-sampled to 3 3 3 3 3 mm3

isotropic voxels41. The head motion was calculated according to the method proposed
by Power et al.42. There were no differences for the head motion among conditions:
F (2, 50) 50.41, p 50.658. The normalized images were spatially smoothed with a
6 mm full width half maximum (FWHM) Gaussian kernel. The linear trend of time
courses was removed. Afterwards, six head motion parameters, white matter signal
and cerebrospinal fluid signal were regressed out before power analysis. The global
signal was not regressed out because global signal regression may remove a global
neuronal signal that is caused by a widely distributed ascending input43 and enhance
the neuronal-hemodynamic correspondence44.

The Blind HRF Deconvolution. After noise signal regression, the point process
analysis was used to detect spontaneous and evoked point events on the resting and
task conditions, respectively. BOLD fluctuations of relatively large amplitude (. 1
SD) were collected and the onsets of neural event were saved for HRF
reconstruction19. The HRF in each voxel was obtained by matching BOLD signal with
the canonical HRF and its time derivative. After that, signals at the neural level were
recovered by Wiener deconvolution (http://users.ugent.be/,dmarinaz/HRF_
deconvolution.html)16.

The Power Analysis. The Power analysis was performed before and after HRF
deconvolution. We first calculated the power of the three runs at the whole brain level
to test whether SSBRs were evoked by the SRT task at particular frequencies. As an
exploratory research, the coarse and holistic analysis was necessary. In addition, brain
activities modulated by the cognitive task may be dispersive20 and may be enhanced10

or attenuated38. The whole brain analysis might facilitate our understanding of these
phenomena. The time course of each voxel was converted to the frequency domain
without band-pass filtering using the Fast Fourier Transform (FFT). The FFT was
adopted because it is the main method to define SSEPs10 and the same index would
benefit the comparison between SSEPs and SSBRs. Frequency resolution was
0.0018 Hz (Sampling rate/sampled data: 0.5 Hz/275). The power of each run for each
subject was obtained as the average of all voxels in the gray matter constrained by the
Automated Anatomical Labeling (AAL) template without cerebellum45. Paired-
sample t-tests of LF vs. Resting were carried out at the fundamental frequency (0.06–
0.065 Hz, 0.005 Hz bandwidth), the first harmonic (0.1225–0.1275 Hz) and the
second harmonic (0.185–0.19 Hz) of the LF stimuli, and of HF vs. Resting was
performed at the fundamental frequency (0.1225–0.1275 Hz) of the HF stimuli. The
effect of HRF was assessed by comparing the relative power of Task/Resting before
and after HRF deconvolution at each of the abovementioned frequency interval
because the absolute values were dramatically changed (from several hundreds to
about 0.1–0.2; see Figure 1) by the HRF deconvolution.

The frequency bands of 0.06–0.065 Hz, 0.1225–0.1275 Hz and 0.185–0.19 Hz
were selected to test the frequency specific power change induced by SRT task at each
voxel. The amplitude of low frequency fluctuations (ALFF, the square root of power
spectrum) was adopted to examine regional energy change within the three inter-
vals46. Regional changes of amplitude for contrasts of LF vs. Resting, HF vs. Resting
and the HRF effect were tested by the paired-sample t-test embedded in the SPM8
software (http://www.fil.ion.ucl.ac.uk/spm). All resulting statistic maps were cor-
rected using the family wise error (FWE) method (p ,0.05) for multiple
comparisons47.

According to the perspective of neuroscience, most brain regions should be
modulated during cognitive processing because cognitive processing is implemented
by distributed collaboration of widespread brain regions20. Considering the rigidity of
FWE correction, we further computed the relative power of Task/Resting before and
after HRF deconvolution based on the ALFF analysis to examine the manifestation of
SSBR throughout the brain without statistical correction. The relative power was used
because the absolute values were very different before and after HRF deconvolution.

We further extracted signals from the left sensorimotor area and performed the
Pearson correlation analysis to identify the relationship of signals before and after

HRF deconvolution. The left sensorimotor area is task-related and modulated by both
LF and HF stimuli. Pearson correlation analysis was run on the LF, HF, and Resting
conditions, respectively. Before correlation analysis, the signals were normalized by
subtracting the mean and dividing by the standard deviation.
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