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Abstract

The amplitude of low-frequency fluctuation (ALFF) measures resting-state functional mag-
netic resonance imaging (RS-fMRI) signal of each voxel. However, the unit of blood oxygen-
ation level-dependent (BOLD) signal is arbitrary and hence ALFF is sensitive to the scale of
raw signal. A well-accepted standardization procedure is to divide each voxel’'s ALFF by the
global mean ALFF, named mALFF. Although fractional ALFF (fALFF), a ratio of the ALFF to
the total amplitude within the full frequency band, offers possible solution of the standardiza-
tion, it actually mixes with the fluctuation power within the full frequency band and thus can-
not reveal the true amplitude characteristics of a given frequency band. The current study
borrowed the percent signal change in task fMRI studies and proposed percent amplitude of
fluctuation (PerAF) for RS-fMRI. We firstly applied PerAF and mPerAF (i.e., divided by
global mean PerAF) to eyes open (EO) vs. eyes closed (EC) RS-fMRI data. PerAF and
mPerAF yielded prominently difference between EO and EC, being well consistent with pre-
vious studies. We secondly performed test-retest reliability analysis and found that (PerAF
~ mPerAF ~ mALFF) > (fALFF ~ mfALFF). Head motion regression (Friston-24) increased
the reliability of PerAF, but decreased all other metrics (e.g. mPerAF, mALFF, fALFF, and
mfALFF). The above results suggest that mPerAF is a valid, more reliable, more straightfor-
ward, and hence a promising metric for voxel-level RS-fMRI studies. Future study could use
both PerAF and mPerAF metrics. For prompting future application of PerAF, we imple-
mented PerAF in a new version of REST package named RESTplus.

1. Introduction

The neuroimaging field has an increasing research interest in assessing the spontaneous brain
activity using BOLD RS-fMRI. Since the first RS-fMRI study [1], functional connectivity (FC)
is still the most widely used method in the RS-fMRI studies. However, by focusing on temporal
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synchronization of the BOLD signals between any pair of brain regions, FC analysis cannot
directly measure the regional spontaneous brain activity of a specific voxel per se. Another
widely used RS-fMRI measurement, ALFF [2], can be adopted on this purpose, as it provides
direct characterization of the spontaneous brain activity at each voxel. However, since BOLD
signal has arbitrary units, ALFF is sensitive to the scale of the raw BOLD signal and cannot be
directly applied to subsequent group-level statistical analysis.

An approach to deal with such a scaling effect is to normalize the raw amplitude value by
the global mean amplitude, i.e., the averaged amplitude value across all voxels in the brain [2-
4]. However, such manipulation assumes that the BOLD signal of all voxels has the same scal-
ing value. In fact, many factors affect the scaling value, including spatial inhomogeneity, brain
tissue composition, and brain lesions. Standardization at single voxel level may be helpful to
reduce such effects.

Another voxel-level metric, namely fractional ALFF (fALFF), had been proposed to nor-
malize ALFF[5]. The fALFF is a ratio of the ALFF within a specific low frequency band (usually
0.01-0.08 Hz) to the total BOLD fluctuation amplitude within the full frequency band [5]. It
can be regarded as a standardized ALFF-like metric at the single voxel level and is theoretically
a scale-independent (i.e., not depending on the mean absolute value of the BOLD signals)
method. One-sample t-tests on fALFF within a group of participants did confirm that a much
better default mode network pattern could be captured by fALFF (i.e., significantly higher
fALFF within the default mode network) compared to ALFF [5]. Previous study have also
shown that the RS-fMRI can significantly reduce inter-subject variability of task fMRI activa-
tions [6]. However, changes in any frequency band will result in the fALFF change of the fre-
quency of interest. Moreover, previous studies have shown that fALFF had generally lower
test-retest reliability than that of ALFF in gray matter voxels [4,7]. Recently, frequency-depen-
dent or frequency-specific analysis of RS-fMRI has been drawing increasing attention [8-14];
many studies have suggested that frequency-specific BOLD fluctuations can be used to detect
disease biomarkers [15,16] and to detect different subject’s status [17]. From the above analy-
sis, fALFF may not be a proper standardized metric for frequency-specific studies.

In task fMRI studies, percent signal change is a popular metric of task-induced BOLD signal
changes, i.e., the difference in fMRI signal between the baseline condition (B) and the task con-
dition (T), here, percent signal change = (T-B)/Bx100%. Typical percent signal change is
approximately 1% - 3% in block design [18,19] and from 0.2% to 1% in event-related design
[20,21]. Although RS-fMRI data has no such explicit task vs. control design, a similar metric to
the percent signal change can be formulated for RS-fMRI by measuring the percentage of
BOLD fluctuations relative to the mean BOLD signal intensity for each time point and averag-
ing across the whole time series, namely “Percentage Amplitude Fluctuation” or PerAF. As
compared with ALFF, PerAF is a scale-independent method. Both PerAF and mPerAF could
be used for group-level statistical analysis. PerAF (mPerAF) can also avoid from the confound-
ing mixture from voxel-specific fluctuation amplitude in fALFF. Hence, PerAF (mPerAF)
seems to be a promising metric of voxel-level spontaneous BOLD activity.

The current study included 4 parts. 1) We first provided detailed formation of PerAF by
using simulated data. 2) We applied PerAF (mPerAF) to detect voxel-level differences between
two resting states (eyes open [EO] vs. eyes closed [EC]) because the differences between EO
and EC have been consistently reported in previous RS-fMRI studies [17,22-26]. 3) We further
assessed the test-retest reliability of PerAF (mPerAF). 4) To facilitate future applications, we
implemented PerAF in a new version of REST package [27] named RESTplus [28] which
based on Statistical Parametric Mapping (SPM) [29] and DPARSF [30]. We also made a com-
mand-line for calculating PerAF in another popular toolbox named Analysis of Functional
Neuro-Images (AFNI) [31].
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2. Methods and results
2.1. PerAF calculation and experiment on simulated data

The PerAF of each voxel was calculated as follows,

1<~ X, —
PerAF = -3 | =B x 100% (1)
n3 H

p=230X 2)
i=1

where X; is the signal intensity of the iy, time point, # is the total number of time points of the
time series, and y is the mean value of the time series.

A simulated time series X; was created, which contained 120 time points with random val-
ues. Its derivative time series X, and X; were generated by multiplying X; by 2 and by 3,
respectively (Fig 1). PerAF were calculated for each time series. For comparison purpose, we
also calculated ALFF (see Section “2.2.3” for detailed ALFF calculation). As shown in Fig 1, the
ALFF value is proportional to the mean value of the time series, but PerAF is not. Because the
absolute BOLD signal intensity has arbitrary units, ALFF results will be affected by the scale of
BOLD signal. The simulated data showed that, without a standardization procedure, ALFF can
not be used for direct comparison.

2.2. Dataset-1: Comparison between EO and EC

2.2.1. Data description. Dataset-1 was from a published dataset [22] which included 34
healthy participants (aged 19-31 years, 18 females). That study was approved by the Ethics
Committee of the Center for Cognition and Brain Disorders, Hangzhou Normal University.
Informed consent was obtained from each participant.

For each participant, four resting state sessions were scanned with two conditions EO and
EC by BOLD and arterial spinlabeling (ASL), respectively. The order of the four sessions was
counterbalanced across participants. The ASL data were not used in the current study. Data-
set-1 was acquired using a GE MR-750 3.0 T scanner (GE Medical Systems, Waukesha, WI) at
the Center for Cognition and Brain Disorders of Hangzhou Normal University. Each scan
consisted of 240 contiguous EPI functional volumes (TR = 2000 ms; TE = 30 ms; flip
angle = 60°; 37 axial slices; field of view (FOV) = 220 x 220 mm?, matrix = 64 x 64; in-plane
resolution 3.44 x 3.44 x 3.4 mm”. For spatial normalization, a spoiled gradient-recalled pulse
sequence was also used (176 sagittal slices; slice thickness = 1 mm; TR = 8100 ms; TE = 3.1 ms;
flip angle = 9°; FOV = 250 x 250 mm?).

2.2.2. Data preprocessing. The preprocessing was performed using Data Processing
Assistant for Resting-State fMRI (DPARSF V2.3) [30] (http://www.restfmri.net), including: 1)
discarding the first 10 timepoints for the longitudinal magnetization to reach a steady state
and for participant’s adaptation to the scanning noise; 2) slice timing correction; 3) head
motion correction; 4) co-registration, spatial normalization and resampling to 3 mm isotropic
voxel size; 5) spatial smoothing with an isotropic Gaussian kernel with a FWHM of 6 mm; 6)
removing the linear trend of the time series; 7) to remove the nuisance signals, the Friston
24-parameter model was used for covariate regression [32,33]; and 8) band-pass (0.01-
0.08Hz) filtering for PerAF (but not for ALFF and fALFF). No participant was excluded from
further analyses because of excessive head motion (more than 2.0 mm of maximal translation
or 2.0° of maximal rotation).
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Fig 1. Simulated “resting-state” BOLD time series. The ALFF and PerAF of a simulated time series (X1), and its
derivative time series of multiplying A by 2 (X2) and by 3 (X3). ALFF and PerAF were calculated for each time series.
ALFF value is proportional to the mean value of the time series, but PerAF keeps the same. X and y axis are time and
intensity, respectively, in arbitrary unit.

https://doi.org/10.1371/journal.pone.0227021.9001

2.2.3. Paired t-test between EO and EC for PerAF, ALFF, and fALFF. The PerAF was
calculated in the way as mentioned in section “2.1”. The ALFF and fALFF analysis was per-
formed using REST [27] (http://www.restfmri.net). After preprocessing, the time series for
each voxel was transformed into the frequency domain with a fast Fourier transform (FFT)
and the power spectrum was then obtained. Since the power of a given frequency is propor-
tional to the square of the amplitude of this frequency component, the square root was calcu-
lated at each frequency of the power spectrum and the averaged square root was obtained
across 0.01-0.08 Hz at each voxel. This averaged square root was taken as the ALFF [2]. Then
a ratio of the sum of amplitude within the low frequency band (i.e., ALFF) to that of the whole
frequency band was computed as fALFF [5].

For standardization purpose, the ALFF of each voxel was divided by the global mean ALFF
of each participant [2] (named mALFF hereafter). The same procedure was performed for
fALFF [5] (named mfALFF hereafter). The PerAF of each voxel was also divided by the global
mean PerAF of each participant, thus we have both PerAF and mPerAF. It has been proposed
that z-transformation of ALFF could improve the normality of distribution acorss subjects [4].
Therefore we also transformed the PerAF, ALFF, and fALFF to their respective z score maps,

Table 1. Standardization methods in the current study.

Analytic method

PerAF without normalizing the signal by the global mean
mPerAF divided by the global mean PerAF

zPerAF minus global mean, then divided by SD

mALFF divided by the global mean ALFF

zALFF minus global mean, then divided by SD

fALFF without normalizing the signal by the global mean
mfALFF divided by the global mean fALFF

zfALFF minus global mean, then divided by SD

https://doi.org/10.1371/journal.pone.0227021.t001
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i.e., minus by global mean and divided by standard deviation (SD), thus generating zPerAF,
zALFF, and zfALFF. The different metrics and their derivatives were summarized in Table 1.
As the original ALFF value is not suitable for comparison, it was excluded from further analy-
sis. In case not every participant’s whole brain was completely covered, we made an intersec-
tion mask within which all 68 scanning sessions (2 sessions for each of the 34 participants)
were covered (S1 Fig). Specifically, the mean fMRI image of each session was spatially normal-
ized and then binarized (using logical function from MATLAB). Then all binary images and a
whole brain mask which provided in the software REST [27] were combine to the intersection
mask. The following statistical analysis was constrained within this intersection mask.

Considering the head motion may affect the PerAF difference between EO and EC. To test
this assumption, we calculated the head motion amount. To compare the amount of head
motion between EO and EC, we calculated framewise displacement head motion [34]. Frame-
wise head motion calculates the relative head motion of each timepoint to its prior timepoint.
Zang and colleagues used the sum of framewise head motion of rotation and transition sepa-
rately [2] (See formuli 1 and 2 in that reference). Power and colleagues integrated the sum of 6
framewise headmotion parameters as a whole, named framewise displacement (FD) [34].
Paired t-test was performed on FD between EO and EC. The FD was 0.1036 + 0.0331
(mean + standard deviation) for EO, and 0.1095 + 0.0514 for EC. There was no significant dif-
ference (P = 0.3068).

Paired t-tests were performed between EO and EC within the intersection mask. The
Gaussian Random Field (GRF) theory was used for multiple comparison correction. A combi-
nation of individual voxel’s P value < 0.05 and cluster P < 0.05 was used. The GRF analysis
was performed using DPABI [35]. In addition, to view potential differences between EO and
EC outside the brain, the results of paired t-test for PerAF map (i.e., without standardization
by global mean PerAF) was also shown without multiple comparison correction, i.e., only a
voxel-level P < 0.05 without cluster size threshold was adopted.

In the case without standardization by global mean, significantly lower (corrected for multi-
ple comparisons) PerAF in EO than in EC was observed in widely distributed brain regions
including the bilateral primary sensorimotor cortex (PSMC), supplementary motor area
(SMA), paracentral lobule, primary auditory cortex extending to superior and middle tempo-
ral gyrus, thalamus, precuneus, visual cortex, and posterior cingulate cortex (P < 0.05, cor-
rected) (Fig 2A1). Only small part of brain area (e.g., inferior orbital frontal, gyrus rectus)
showed significantly higher PerAF in EO than EC.

For fALFF (In the case without standardization by global mean), the pattern of difference
between EO and EC was similar with that of PerAF, but with smaller volume for most clusters
(Fig 2A1 and 2D).

In the cases with global mean standardization, the between-condition difference of mPerAF
(Fig 2B), zPerAF (Fig 2C), mALFF (Fig 2G), zALFF (Fig 2H) were very similar. Significantly
higher fluctuation in EO than in EC was found in the bilateral middle occipital gyrus and orbi-
tofrontal cortex. Significantly lower fluctuation in EO than in EC was found in the bilateral
PSMC, SMA, paracentral lobule, thalamus, and primary auditory cortex (P < 0.05, corrected).
All these results were highly consistent with previous studies [17,22-26]. For mfALFF (Fig 2E)
and zfALFF (Fig 2F), the pattern of difference between EO and EC was generally similar with
that of mPerAF, zPerAF, mALFF, and zALFF, except for that in the frontal pole and PSMC.
mfALFF and zfALFF showed almost no difference in the frontal pole, while mPerAF, zPerAF,
mALFF, and zALFF showed a big cluster. The cluster in the PSMC detected by mfALFF and
zfALFF was smaller than that by mPerAF, zPerAF, mALFF, and zALFF.

The results of EO versus EC showed prominent inconsistency for comparisons with and
without global mean standardization for PerAF (vs. mPerAF) as well for fALFF (vs. mfALFF)
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Fig 2. Results of paired t-test between eyes open (EO) and eyes closed (EC). Al: PerAF (without standardization by global mean)
within brain intersection mask (P<0.05, corrected). A2: PerAF (without standardization by global mean) without brain mask (i.e., in
the entire bounding box) (P<0.05, uncorrected). B: mPerAF (divided by global mean value) (P<0.05, corrected). C: zPerAF (minus
mean then divided by standard deviation) (P<0.05, corrected). D—F: fALFF, mfALFF, and zfALFF, respectively (P<0.05, corrected).
G, H: mALFF and zALFF, respectively (P<0.05, corrected). Warm colors indicate higher fluctuation in EO than EC, and cold colors
indicate the opposite. L: left side of the brain. R: right side of the brain.

https://doi.org/10.1371/journal.pone.0227021.9002

(Fig 2A1 vs. 2B, Fig 2D vs. 2E). Specifically, in the case of no global mean standardization, only
a small area showed higher fluctuation in EO than in EC. However, after standardization, a
few other areas showed significantly higher fluctuation in EO than in EC, including the bilat-
eral middle occipital gyrus and a large area in the orbitofrontal cortex. (Not applicable for
mfALFF and zfALFF results). Brain areas showing significantly lower fluctuation in EO than
EC were slightly smaller than those without standardization. The prominent inconsistency
suggested that the global mean PerAF had strong effect. We therefore performed a paired t-
test on the global mean PerAF between the EO and EC. The global mean PerAF was calculated
within a brain mask provided in REST [27]. There is no significant difference of the global
mean PerAF between EO and EC (P = 0.8).

When no brain mask was used and no multiple comparison correction was performed, the
eyeballs showed significantly higher PerAF in EO than EC (Fig 2A2). The difference in eyeballs
extended to a large area of the frontal scalp and even to the orbitofrontal cortex.

2.3. Dataset-2: Test-retest reliability

2.3.1. Data description. Dataset-2 is an open dataset from the International Neuroimag-
ing Data-Sharing Intiative (INDI) (http://www.nitrc.org/projects/nyu_trt). This dataset
includes 25 participants (mean age 30.7 + 8.8 years, 16 females). The study was approved by
the Institutional Review Board of the New York University School of Medicine and New York
University. Also the study was approved by the Ethics Committee of the Center for Cognition
and Brain Disorders, Hangzhou Normal University. Informed consent was obtained from
each participant. Participants had three resting state sessions. Session 2 and 3 were collected 45
min apart, and were 5-16 months (mean 11 + 4 months) after Session 1. During each scanning
session, participants were instructed to continuously keep eyes open and a word “Relax” was
centrally projected in white against a black background.

Dataset-2 was obtained using a 3T Siemens (Allegra) scanner. Each scan consisted of 197
contiguous EPI functional volumes (TR = 2000 ms; TE = 25 ms; flip angle = 90°; 39 axial slices;
field of view (FOV) = 192 x 192 mm?; matrix = 64 x 64; acquisition voxel size =3 x 3 x 3
mm?). For more information regarding Dataset-2 collection, please refer to [36].

2.3.2. Data preprocessing. The data preprocessing steps were the same as mentioned in
section “2.2.2”. Three participants were excluded from further analyses because of excessive
head motion (more than 2.0 mm of maximal translation or 2.0° of maximal rotation) through-
out the course of scanning.

In the original paper reporting Dataset-2, the authors did not use the cerebellum and infe-
rior part of temporal lobe because these brain areas in some participants were not covered
[36]. Therefore, we made an intersection mask within which all 75 scanning sessions (3 ses-
sions for each of the 25 participants) were covered (S2 Fig). The detailed method was the same
asin “2.2.3”. To compare the amount of head motion among different sessions, we calculated
framewise displacement head motion [34]. One-way ANOVA was performed on FD among
three sessions. The FD was 0.1530 + 0.0727 (mean + standard deviation) for Session 1,

0.1574 * 0.0749 for Session 2, and 0.1704 + 0.0740 for Session 3. There was no significant dif-
ference (P = 0.3313).
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2.3.3. Test-retest reliability of PerAF, ALFF, and fALFF. To investigate the test-retest
reliability of PerAF, ALFF, and fALFF, intraclass correlation coefficient (ICC) was calculated
between each pair of the 3 sessions in Dataset-2. ICC has been widely used in previous studies
for test-retest reliability [4,36-38]. Dataset-2 allows both long-term reliability (session 1 vs.
other 2 sessions, 5-16 months apart) and short-term reliability (session 2 vs. session 3, < 1h
apart). ICC > 0.5 was usually considered as moderate or higher test-retest reliability [4,36] and
was also used as a threshold in this study. As shown in Fig 3, for all the metrics including
PerAF, mPerAF, zPerAF, mALFF, zALFF, fALFF, mfALFF, and zfALFF, most cortical areas
showed moderate to high short-term (session 2 against session 3) test-retest reliability. Long-
term test-retest reliability was lower than short-term reliability (See Fig 3 for session 1 against
session 2 and see (S3 Fig) for session 1 against session 3). Gray matter’s reliability was much
higher than white matter. fALFF and its derivative maps showed the worst test-retest reliability
among the three metrics (Fig 3).

We summarized the number of voxels with ICC > 0.5 of short-term (session 2 against ses-
sion 3) and one long-term (session 1 against session 2) in Table 2 and Fig 4. The other long-
term (session 1 against session 3) was shown in S4 Fig Generally, mPerAF and zPerAF showed
similar reliability, and were better than all other metrics in both long- and short-term test-
retest reliability (Fig 4). We also investigate the test-retest reliability using the data without
head motion regression (Friston-24). The head motion regression (Friston-24) increased the
reliability of PerAF, but decreased all other metrics (mPerAF zPerAF, mALFF, zZALFF fALFF,
mfALFF, mALFF, mPerAF and, zfALFF, zALFF, and zPerAF) (Table 2).

The EPI sequence is sensitive to magnetic field inhomogeneity, and hence, the mean inten-
sity of BOLD signal may vary across scanners and scanning sessions. All ALFF, fALFF, and
PerAF could be affected by the inhomogeneity. We thus calculated the variations of intensity
maps across subjects and scans. It was shown that the variation across scans was much smaller
than that across participants (S5 Fig). But how this variation affected the results of ALFF,
fALFF, and PerAF should be further explored in future studies.

3. Implementation and usage of PerAF calculation toolkit

To facilitate future applications, we implemented PerAF in a new version of REST package
[27] named RESTplus[28] which based on Statistical Parametric Mapping (SPM)[29]. From
http://www.restfmri.net, the most recent version of RESTplus can be downloaded. The com-
pressed package need to be extracted to a predefined directory, and then add the full path to
MATLAB’s search path. Entering “restplus” in the MATLAB command window will open
RESTplus’s GUI The pipeline module can be used to calculate PerAF. It supports NIfTI image
format. Users need to set the input directory. Users can put raw data or preprocessed data in
input folder. The output result include PerAF (without standardization by global mean),
mPerAF, and zPerAF.

We also implemented a command line in LINUX, named REST-PerAF, based on AFNI
[31] for calculation of PerAF. It can be downloaded at http://www.restfmri.net.

4. Discussion

As a metric of spontaneous brain activity, ALFF has been widely used in RS-fMRI studies [39].
However, as shown in the simulation in the current study (Fig 1), ALFF is not a scale-indepen-
dent metric. Therefore, ALFF has been standardized by the global mean value, producing
mALFF or zZALFF [2,4], or by the amplitude of entire frequency band (i.e., fALFF) [5]. fALFF
will make the situation complex when taking sub-frequency bands into account. The current
results suggest that both PerAF and mPerAF should be used in future studies.
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Fig 3. Test-retest reliability in Dataset-2. The upper part is for short-term (session 2 against session 3) (A1—H1) and lower part is
for long-term (session 1 against session 2) (A2 —-H2). The intraclass correlation (ICC) maps include: (A1, A2) PerAF (without
standardization by global mean), (B1, B2) mPerAF (divided by the global mean PerAF), (C1, C2) zPerAF (minus mean and divided by
standard deviation), (D1, D2) fALFF (without standardization by global mean), (E1, E2) mfALFF (divided by the global mean fALFF),
(F1, F2) zfALFF (minus mean and divided by standard deviation), (G1, G2) mALFF (divided by the global mean ALFF), and (H1, H2)
zALFF (minus mean and divided by standard deviation). The original ALFF map is mathematically unsuitable for comparison and
hence not listed here. The ICC threshold was set at > 0.5 for all maps. L: left side of the brain. R: right side of the brain.

https://doi.org/10.1371/journal.pone.0227021.9003
4.1. Between-condition differences with and without standardization by
global mean value

An EO and EC study showed that the electroencephalography (EEG) vigilance was negatively
correlated with the global signal amplitude [40]. A previous study observed significant changes
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Table 2. Number of voxels with ICC > 0.5.

Short-term reliability (Session 2 against session 3) Long-term reliability (session 1 against session 2)
Friston-24 No-Friston-24 Friston-24 No-Friston-24

PerAF 45975 45122 28320 22793

mPerAF 44331 46336 30514 31248

zPerAF 43364 46084 30248 31743

mALFF 42629 44089 29126 30866

zALFF 40386 43510 28524 31148

fALFF 22929 26273 9961 11303

mfALFF 16907 23148 8414 12683

2fALFF 16422 22413 8244 11550

https://doi.org/10.1371/journal.pone.0227021.t1002

of normalized mean squared successive difference and variability of the successive difference
between the EO-EC sessions [41]. EO and EC difference was associated with spontaneous
BOLD oscillations in cortical sensory [42]. It is interesting that with and without standardiza-
tion yielded quite different results. Without standardization, the areas showing significant dif-
ferences in the bilateral PSMC, SMA, primary auditory cortex, and primary visual cortex
became smaller (Fig 2A1). But after standardization, these clusters became smaller and two
more regions, i.e., the lateral occipital cortex and orbitofrontal cortex, appeared (Fig 2B and
2C). The lateral occipital cortex plays important role in visual information processing, and the
difference of fluctuation between resting EO and EC is reasonable. As PerAF, fALFF can also
be used without standardization by global mean value. The global mean fALFF also showed
prominent effect on the results (Fig 2D vs. 2E and 2F). These results suggest that, standardiza-
tion by the global mean value has prominent effect on the results, and both results seem mean-
ingful. Jao and colleagues found that there were some global differences of fluctuation
amplitude between EO and EC [43]. We further compared the global mean PerAF between
EO and EC resting states, However, there was no significant difference of the global mean
PerAF between EO and EC (P = 0.8).

Taken together, although the test-retest reliability of mPerAF and zPerAF is better than
PerAF, results of both with and without removing global mean PerAF seemed to be physiologi-
cally meaningful. The impact of global mean normalization could not be neglected. However,
its actually physiological or psychological importance is still unclear and needs further
investigation.

4.2. Test-retest reliability

As shown in Fig 3, all measures including PerAF, mPerAF, zPerAF, mALFF, zALFF, fALFF,
mfALFF, and zfALFF showed moderate to higher short-term test-retest reliability, but the
long-term reliability was not so good. These results were consistent with previous studies on
the same dataset by using zZALFF and zfALFF [4]. For both short- and long-term reliability
(Fig 4A and 4B, Table 2), mPerAF and zPerAF showed slightly higher ICC than mALFF and
zALFF, respectively. This slightly better performance may be partly contributed by normaliz-
ing the temporal mean of BOLD signal of PerAF. However PerAF had less number of voxels
with ICC > 0.5 than mPerAF and zPerAF, suggesting that further standardization by global
mean could improve test-retest reliability. Anyway, it does not mean that mPerAF or zPerAF
could replace PerAF, as discussed in the following session of between-condition differences.
The test-retest reliability of fALFF, mfALFF, and zfALFF were much worse than PerAF,
mPerAF, zPerAF, mALFF, and ZALFF. These results were well consistent with the study by
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Fig 4. Histogram of test-retest reliability of all voxels. Y axis is the number of voxels of each bin (with an ICC step of 0.1). Upper
(a) is the short-term (session 2 against session 3) reliability. In general, short-term reliability was better than long-term one. For
short-term reliability, most voxels had ICC > 0.5 for all measures. Comparing the number of voxels with ICC > 0.5 among
measures, PerAF, mPerAF, and zPerAF performed slightly better than mALFF and zALFF, and much better than fALFF, mfALFF,
and zfALFF. Please see Table 2 for detailed number of voxels. For long-term reliability (session 1 against session 2), mPerAF and
zPerAF performed similarly with (although very slightly better than) mALFF and zALFF, but PerAF (without standardization by
global mean) performed worse, and fALFF, mfALFF, and zZfALFF performed the worst.

https://doi.org/10.1371/journal.pone.0227021.9004

Zuo and colleagues [4]. The bad performance of fALFF is probably due to that it takes high fre-
quency band into account.

4.3. Limitations

We proposed that PerAF is more suitable for brain lesion studies than ALFF. However, we
didn’t include any data with lesions. It should be further evaluated how big effect the brain
tumor or other large lesions have on global mean normalization.
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5. Conclusions

PerAF is an analog to percent signal change widely used in task fMRI studies, and hence a
straightforward metric of BOLD signal fluctuations at single voxel level. The test-retest reliabil-
ity showed that mPerAF was generally slightly higher than conventional mALFF, and much
better than mfALFF. The head motion regression (Friston-24) increased the reliability of
PerAF, but decreased all other metrics. With and without standardization of global mean
PerAF yielded quite different results, suggesting that with and without global mean standardi-
zation are not exclusive. In the future study, both PerAF and mPerAF should be used. Both
results of test-retest reliability and between-condition differences suggested that PerAF is a
more promising metric for RS-fMRI signal at single voxel level.

Supporting information

S1 Fig. Intersection mask of Dataset-1. The left pannel shows how many sessions (totally 34
subjects x 2 = 68 session) were covered, for each voxel in Dataset-1. The right pannel is an
intersection mask which was covered by all 68 sessions.

(TIF)

S2 Fig. Intersection mask of Dataset-2. The left pannel shows how many sessions (totally 25
subjects x 3 = 75 sessions) were covered, for each voxel in Dataset-2. The right pannel is an
intersection mask which was covered by all 75 sessions.

(TTF)

S3 Fig. The long-term test-retest reliability measured between session 1 and session 3.
Only voxels with intraclass correlation (ICC) > 0.5 were shown. A: PerAF (without standardi-
zation by global mean). B: mPerAF (divided by the global mean PerAF). C: zPerAF (minus
mean and divided by standard deviation). D-F: fALFF, mfALFF, and zfALFF, respectively. G,
H: mALFF and zALFF, respectively. L: left side of the brain. R: right side of the brain.

(TIF)

S4 Fig. The histogram of all voxels for long-term reliability of session 1 against session 3. Y
axis is the number of voxels of each bin (with a step of 0.1).
(TIF)

S5 Fig. Variations of intensity maps across subjects and scans. The standard deviation of
normalized mean maps was calculated across subjects and scans.
(TIF)

Acknowledgments
The authors thank Mr. YUAN Bin-Ke for his help on data collection.

Author Contributions
Conceptualization: Yu-Feng Zang.
Formal analysis: Jia-Wei Sun.
Funding acquisition: Yu-Feng Zang.
Methodology: Xi-Ze Jia, Jia-Wei Sun.
Software: Xi-Ze Jia, Jia-Wei Sun.

Supervision: Yu-Feng Zang.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227021 January 8, 2020 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227021.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227021.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227021.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227021.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227021.s005
https://doi.org/10.1371/journal.pone.0227021

@ PLOS|ONE

Percent amplitude of fluctuation

Validation: Jia-Wei Sun.

Writing - original draft: Xi-Ze Jia.

Writing - review & editing: Xi-Ze Jia, Gong-Jun Ji, Wei Liao, Ya-Ting Lv, Jue Wang, Ze

Wang, Han Zhang, Dong-Qiang Liu, Yu-Feng Zang.

References

1.

10.

1.

12

13.

14.

15.

16.

Biswal B, Zerrin Yetkin F, Haughton VM, Hyde JS. Functional connectivity in the motor cortex of resting
human brain using echo-planar mri. Magn Reson Med. 1995; 34: 537-541. https://doi.org/10.1002/
mrm.1910340409 PMID: 8524021

Zang Y-F,He Y, Zhu C-Z, Cao Q-J, Sui M-Q, Liang M, et al. Altered baseline brain activity in children
with ADHD revealed by resting-state functional MRI. Brain Dev. 2007; 29: 83-91. https://doi.org/10.
1016/j.braindev.2006.07.002 PMID: 16919409

Yan C-G, Craddock RC, Zuo X-N, Zang Y-F, Milham MP. Standardizing the intrinsic brain: Towards
robust measurement of inter-individual variation in 1000 functional connectomes. Neurolmage. 2013;
80: 246—-262. https://doi.org/10.1016/j.neuroimage.2013.04.081 PMID: 23631983

Zuo X-N, Di Martino A, Kelly C, Shehzad ZE, Gee DG, Klein DF, et al. The oscillating brain: Complex
and reliable. Neurolmage. 2010; 49: 1432—1445. https://doi.org/10.1016/j.neuroimage.2009.09.037
PMID: 19782143

Zou Q-H, Zhu C-Z, Yang Y-H, Zuo X-N, Long X-Y, Cao Q-J, et al. An improved approach to detection of
amplitude of low-frequency fluctuation (ALFF) for resting-state fMRI: fractional ALFF. J Neurosci Meth-
ods. 2008; 172: 137—141. https://doi.org/10.1016/j.jneumeth.2008.04.012 PMID: 18501969

Kalcher K, Boubela RN, Huf W, Biswal BB, Baldinger P, Sailer U, et al. RESCALE: Voxel-specific task-
fMRI scaling using resting state fluctuation amplitude. Neurolmage. 2013; 70: 80-88. https://doi.org/10.
1016/j.neuroimage.2012.12.019 PMID: 23266702

Kiblbdck M, Woletz M, Héflich A, Sladky R, Kranz GS, Hoffmann A, et al. Stability of low-frequency fluc-
tuation amplitudes in prolonged resting-state fMRI. Neurolmage. 2014; 103: 249-257. https://doi.org/
10.1016/j.neuroimage.2014.09.038 PMID: 25251869

Han Y, Wang J, Zhao Z, Min B, Lu J, Li K, et al. Frequency-dependent changes in the amplitude of low-
frequency fluctuations in amnestic mild cognitive impairment: A resting-state fMRI study. Neurolmage.
2011; 55: 287-295. https://doi.org/10.1016/j.neuroimage.2010.11.059 PMID: 21118724

Wee C-Y, Yap P-T, Denny K, Browndyke JN, Potter GG, Welsh-Bohmer KA, et al. Resting-State Multi-
Spectrum Functional Connectivity Networks for Identification of MCI Patients. He Y, editor. PLoS ONE.
2012; 7: e37828. https://doi.org/10.1371/journal.pone.0037828 PMID: 22666397

Esposito F, Tessitore A, Giordano A, De Micco R, Paccone A, Conforti R, et al. Rhythm-specific modu-
lation of the sensorimotor network in drug-naive patients with Parkinson’s disease by levodopa. Brain J
Neurol. 2013; 136: 710-725. https://doi.org/10.1093/brain/awt007 PMID: 23423673

Weil, Duan X, Zheng C, Wang S, Gao Q, Zhang Z, et al. Specific frequency bands of amplitude low-fre-
quency oscillation encodes personality. Hum Brain Mapp. 2014; 35: 331-339. https://doi.org/10.1002/
hbm.22176 PMID: 22987723

Huang Z, Dai R, Wu X, Yang Z, Liu D, Hu J, et al. The self and its resting state in consciousness: An
investigation of the vegetative state: Self and Resting State in Consciousness. Hum Brain Mapp. 2014;
35: 1997-2008. https://doi.org/10.1002/hbm.22308 PMID: 23818102

Yu R, Chien Y-L, Wang H-LS, Liu C-M, Liu C-C, Hwang T-J, et al. Frequency-specific alternations in the
amplitude of low-frequency fluctuations in schizophrenia. Hum Brain Mapp. 2014; 35: 627-637. https:/
doi.org/10.1002/hbm.22203 PMID: 23125131

YueY, Jia X, Hou Z, Zang Y, Yuan Y. Frequency-dependent amplitude alterations of resting-state spon-
taneous fluctuations in late-onset depression. BioMed Res Int. 2015; 2015: 505479. https://doi.org/10.
1155/2015/505479 PMID: 25705666

Malinen S, Vartiainen N, Hlushchuk Y, Koskinen M, Ramkumar P, Forss N, et al. Aberrant temporal and
spatial brain activity during rest in patients with chronic pain. Proc Natl Acad Sci. 2010; 107: 6493—
6497. https://doi.org/10.1073/pnas.1001504107 PMID: 20308545

Otti A, Guendel H, Wohlschlager A, Zimmer C, Noll-Hussong M. Frequency shifts in the anterior default
mode network and the salience network in chronic pain disorder. BMC Psychiatry. 2013; 13: 84. https:/
doi.org/10.1186/1471-244X-13-84 PMID: 23497482

PLOS ONE | https://doi.org/10.1371/journal.pone.0227021 January 8, 2020 13/15


https://doi.org/10.1002/mrm.1910340409
https://doi.org/10.1002/mrm.1910340409
http://www.ncbi.nlm.nih.gov/pubmed/8524021
https://doi.org/10.1016/j.braindev.2006.07.002
https://doi.org/10.1016/j.braindev.2006.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16919409
https://doi.org/10.1016/j.neuroimage.2013.04.081
http://www.ncbi.nlm.nih.gov/pubmed/23631983
https://doi.org/10.1016/j.neuroimage.2009.09.037
http://www.ncbi.nlm.nih.gov/pubmed/19782143
https://doi.org/10.1016/j.jneumeth.2008.04.012
http://www.ncbi.nlm.nih.gov/pubmed/18501969
https://doi.org/10.1016/j.neuroimage.2012.12.019
https://doi.org/10.1016/j.neuroimage.2012.12.019
http://www.ncbi.nlm.nih.gov/pubmed/23266702
https://doi.org/10.1016/j.neuroimage.2014.09.038
https://doi.org/10.1016/j.neuroimage.2014.09.038
http://www.ncbi.nlm.nih.gov/pubmed/25251869
https://doi.org/10.1016/j.neuroimage.2010.11.059
http://www.ncbi.nlm.nih.gov/pubmed/21118724
https://doi.org/10.1371/journal.pone.0037828
http://www.ncbi.nlm.nih.gov/pubmed/22666397
https://doi.org/10.1093/brain/awt007
http://www.ncbi.nlm.nih.gov/pubmed/23423673
https://doi.org/10.1002/hbm.22176
https://doi.org/10.1002/hbm.22176
http://www.ncbi.nlm.nih.gov/pubmed/22987723
https://doi.org/10.1002/hbm.22308
http://www.ncbi.nlm.nih.gov/pubmed/23818102
https://doi.org/10.1002/hbm.22203
https://doi.org/10.1002/hbm.22203
http://www.ncbi.nlm.nih.gov/pubmed/23125131
https://doi.org/10.1155/2015/505479
https://doi.org/10.1155/2015/505479
http://www.ncbi.nlm.nih.gov/pubmed/25705666
https://doi.org/10.1073/pnas.1001504107
http://www.ncbi.nlm.nih.gov/pubmed/20308545
https://doi.org/10.1186/1471-244X-13-84
https://doi.org/10.1186/1471-244X-13-84
http://www.ncbi.nlm.nih.gov/pubmed/23497482
https://doi.org/10.1371/journal.pone.0227021

@ PLOS|ONE

Percent amplitude of fluctuation

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Yuan B-K, Wang J, Zang Y-F, Liu D-Q. Amplitude differences in high-frequency fMRI signals between
eyes open and eyes closed resting states. Front Hum Neurosci. 2014; 8: 503. https://doi.org/10.3389/
fnhum.2014.00503 PMID: 25071530

Kanwisher N, McDermott J, Chun MM. The fusiform face area: a module in human extrastriate cortex
specialized for face perception. J Neurosci Off J Soc Neurosci. 1997; 17: 4302—4311.

Kanwisher N, Tong F, Nakayama K. The effect of face inversion on the human fusiform face area. Cog-
nition. 1998; 68: B1—11. https://doi.org/10.1016/s0010-0277(98)00035-3 PMID: 9775518

Grill-Spector K, Knouf N, Kanwisher N. The fusiform face area subserves face perception, not generic
within-category identification. Nat Neurosci. 2004; 7: 555-562. https://doi.org/10.1038/nn1224 PMID:
15077112

Tambini A, Ketz N, Davachi L. Enhanced Brain Correlations during Rest Are Related to Memory for
Recent Experiences. Neuron. 2010; 65: 280—290. https://doi.org/10.1016/j.neuron.2010.01.001 PMID:
20152133

Zou Q, Yuan B-K, Gu H, Liu D, Wang DJJ, Gao J-H, et al. Detecting static and dynamic differences
between eyes-closed and eyes-open resting states using ASL and BOLD fMRI. PloS One. 2015; 10:
e0121757. https://doi.org/10.1371/journal.pone.0121757 PMID: 25816237

YanC, LiuD, He Y, Zou Q, Zhu C, Zuo X, et al. Spontaneous Brain Activity in the Default Mode Network
Is Sensitive to Different Resting-State Conditions with Limited Cognitive Load. Garcia AV, editor. PLoS
ONE. 2009; 4: e5743. https://doi.org/10.1371/journal.pone.0005743 PMID: 19492040

Liu D, Dong Z, Zuo X, Wang J, Zang Y. Eyes-open/eyes-closed dataset sharing for reproducibility eval-
uation of resting state fMRI data analysis methods. Neuroinformatics. 2013; 11: 469-476. https://doi.
org/10.1007/s12021-013-9187-0 PMID: 23836389

Zhao N, Yuan L-X, Jia X-Z, Zhou X-F, Deng X-P, He H-J, et al. Intra- and Inter-Scanner Reliability of
Voxel-Wise Whole-Brain Analytic Metrics for Resting State fMRI. Front Neuroinformatics. 2018; 12: 54.
https://doi.org/10.3389/fninf.2018.00054 PMID: 30186131

Yuan L-X, Wang J-B, Zhao N, Li Y-Y, Ma Y, Liu D-Q, et al. Intra- and Inter-scanner Reliability of Scaled
Subprofile Model of Principal Component Analysis on ALFF in Resting-State fMRI Under Eyes Open
and Closed Conditions. Front Neurosci. 2018; 12: 311. https://doi.org/10.3389/fnins.2018.00311 PMID:
29887795

Song X-W, Dong Z-Y, Long X-Y, Li S-F, Zuo X-N, Zhu C-Z, et al. REST: a toolkit for resting-state func-
tional magnetic resonance imaging data processing. PloS One. 2011; 6: e25031. https://doi.org/10.
1371/journal.pone.0025031 PMID: 21949842

Jia X-Z, Wang J, Sun H-Y, Zhang H, Liao W, Wang Z, et al. RESTplus: an improved toolkit for resting-
state functional magnetic resonance imaging data processing. Sci Bull. 2019; 64: 953-954. https://doi.
org/10.1016/j.scib.2019.05.008

Ashburner J. SPM: A history. Neurolmage. 2012; 62: 791-800. https://doi.org/10.1016/j.neuroimage.
2011.10.025 PMID: 22023741

Yan C-G, Zang Y-F. DPARSF: A MATLAB Toolbox for “Pipeline” Data Analysis of Resting-State fMRI.
Front Syst Neurosci. 2010; 4: 13. https://doi.org/10.3389/fnsys.2010.00013 PMID: 20577591

Cox RW. AFNI: What a long strange trip it's been. Neurolmage. 2012; 62: 743-747. https://doi.org/10.
1016/j.neuroimage.2011.08.056 PMID: 21889996

Friston KJ, Williams S, Howard R, Frackowiak RSJ, Turner R. Movement-Related effects in fMRI time-
series. Magn Reson Med. 1996; 35: 346—-355. https://doi.org/10.1002/mrm.1910350312 PMID:
8699946

Yan C-G, Cheung B, Kelly C, Colcombe S, Craddock RC, Di Martino A, et al. A comprehensive assess-
ment of regional variation in the impact of head micromovements on functional connectomics. Neuro-
Image. 2013; 76: 183—-201. https://doi.org/10.1016/j.neuroimage.2013.03.004 PMID: 23499792

Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen SE. Spurious but systematic correlations in
functional connectivity MRI networks arise from subject motion. Neurolmage. 2012; 59: 2142-2154.
https://doi.org/10.1016/j.neuroimage.2011.10.018 PMID: 22019881

Yan C-G, Wang X-D, Zuo X-N, Zang Y-F. DPABI: Data Processing & Analysis for (Resting-State) Brain
Imaging. Neuroinformatics. 2016; 14: 339-351. https://doi.org/10.1007/s12021-016-9299-4 PMID:
27075850

Shehzad Z, Kelly AMC, Reiss PT, Gee DG, Gotimer K, Uddin LQ, et al. The Resting Brain: Uncon-
strained yet Reliable. Cereb Cortex. 2009; 19: 2209-2229. https://doi.org/10.1093/cercor/bhn256
PMID: 19221144

Zuo X-N, Kelly C, Adelstein JS, Klein DF, Castellanos FX, Milham MP. Reliable intrinsic connectivity
networks: Test—retest evaluation using ICA and dual regression approach. Neurolmage. 2010; 49:
2163-2177. https://doi.org/10.1016/j.neuroimage.2009.10.080 PMID: 19896537

PLOS ONE | https://doi.org/10.1371/journal.pone.0227021 January 8, 2020 14/15


https://doi.org/10.3389/fnhum.2014.00503
https://doi.org/10.3389/fnhum.2014.00503
http://www.ncbi.nlm.nih.gov/pubmed/25071530
https://doi.org/10.1016/s0010-0277(98)00035-3
http://www.ncbi.nlm.nih.gov/pubmed/9775518
https://doi.org/10.1038/nn1224
http://www.ncbi.nlm.nih.gov/pubmed/15077112
https://doi.org/10.1016/j.neuron.2010.01.001
http://www.ncbi.nlm.nih.gov/pubmed/20152133
https://doi.org/10.1371/journal.pone.0121757
http://www.ncbi.nlm.nih.gov/pubmed/25816237
https://doi.org/10.1371/journal.pone.0005743
http://www.ncbi.nlm.nih.gov/pubmed/19492040
https://doi.org/10.1007/s12021-013-9187-0
https://doi.org/10.1007/s12021-013-9187-0
http://www.ncbi.nlm.nih.gov/pubmed/23836389
https://doi.org/10.3389/fninf.2018.00054
http://www.ncbi.nlm.nih.gov/pubmed/30186131
https://doi.org/10.3389/fnins.2018.00311
http://www.ncbi.nlm.nih.gov/pubmed/29887795
https://doi.org/10.1371/journal.pone.0025031
https://doi.org/10.1371/journal.pone.0025031
http://www.ncbi.nlm.nih.gov/pubmed/21949842
https://doi.org/10.1016/j.scib.2019.05.008
https://doi.org/10.1016/j.scib.2019.05.008
https://doi.org/10.1016/j.neuroimage.2011.10.025
https://doi.org/10.1016/j.neuroimage.2011.10.025
http://www.ncbi.nlm.nih.gov/pubmed/22023741
https://doi.org/10.3389/fnsys.2010.00013
http://www.ncbi.nlm.nih.gov/pubmed/20577591
https://doi.org/10.1016/j.neuroimage.2011.08.056
https://doi.org/10.1016/j.neuroimage.2011.08.056
http://www.ncbi.nlm.nih.gov/pubmed/21889996
https://doi.org/10.1002/mrm.1910350312
http://www.ncbi.nlm.nih.gov/pubmed/8699946
https://doi.org/10.1016/j.neuroimage.2013.03.004
http://www.ncbi.nlm.nih.gov/pubmed/23499792
https://doi.org/10.1016/j.neuroimage.2011.10.018
http://www.ncbi.nlm.nih.gov/pubmed/22019881
https://doi.org/10.1007/s12021-016-9299-4
http://www.ncbi.nlm.nih.gov/pubmed/27075850
https://doi.org/10.1093/cercor/bhn256
http://www.ncbi.nlm.nih.gov/pubmed/19221144
https://doi.org/10.1016/j.neuroimage.2009.10.080
http://www.ncbi.nlm.nih.gov/pubmed/19896537
https://doi.org/10.1371/journal.pone.0227021

@ PLOS|ONE

Percent amplitude of fluctuation

38.

39.

40.

41.

42,

43.

Liao X-H, Xia M-R, Xu T, Dai Z-J, Cao X-Y, Niu H-J, et al. Functional brain hubs and their test-retest reli-
ability: A multiband resting-state functional MRI study. Neurolmage. 2013; 83: 969—-982. https://doi.org/
10.1016/j.neuroimage.2013.07.058 PMID: 23899725

Margulies DS, Béttger J, Long X, Lv Y, Kelly C, Schéfer A, et al. Resting developments: a review of
fMRI post-processing methodologies for spontaneous brain activity. Magn Reson Mater Phys Biol Med.
2010; 23: 289-307. https://doi.org/10.1007/s10334-010-0228-5 PMID: 20972883

Wong CW, DeYoung PN, Liu TT. Differences in the resting-state fMRI global signal amplitude between
the eyes open and eyes closed states are related to changes in EEG vigilance. Neurolmage. 2016; 124:
24-31. https://doi.org/10.1016/j.neuroimage.2015.08.053 PMID: 26327245

LiZ, Zang Y-F, Ding J, Wang Z. Assessing the mean strength and variations of the time-to-time fluctua-
tions of resting-state brain activity. Med Biol Eng Comput. 2017; 55: 631-640. https://doi.org/10.1007/
$11517-016-1544-3 PMID: 27402343

McAvoy M, Larson-Prior L, Nolan TS, Vaishnavi SN, Raichle ME, d’Avossa G. Resting States Affect
Spontaneous BOLD Oscillations in Sensory and Paralimbic Cortex. J Neurophysiol. 2008; 100: 922—
931. https://doi.org/10.1152/jn.90426.2008 PMID: 18509068

Jao T, Vértes PE, Alexander-Bloch AF, Tang I-N, Yu Y-C, Chen J-H, et al. Volitional eyes opening per-
turbs brain dynamics and functional connectivity regardless of light input. Neurolmage. 2013; 69: 21—
34. https://doi.org/10.1016/j.neuroimage.2012.12.007 PMID: 23266698

PLOS ONE | https://doi.org/10.1371/journal.pone.0227021 January 8, 2020 15/15


https://doi.org/10.1016/j.neuroimage.2013.07.058
https://doi.org/10.1016/j.neuroimage.2013.07.058
http://www.ncbi.nlm.nih.gov/pubmed/23899725
https://doi.org/10.1007/s10334-010-0228-5
http://www.ncbi.nlm.nih.gov/pubmed/20972883
https://doi.org/10.1016/j.neuroimage.2015.08.053
http://www.ncbi.nlm.nih.gov/pubmed/26327245
https://doi.org/10.1007/s11517-016-1544-3
https://doi.org/10.1007/s11517-016-1544-3
http://www.ncbi.nlm.nih.gov/pubmed/27402343
https://doi.org/10.1152/jn.90426.2008
http://www.ncbi.nlm.nih.gov/pubmed/18509068
https://doi.org/10.1016/j.neuroimage.2012.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23266698
https://doi.org/10.1371/journal.pone.0227021

